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ABSTRACT
Nicotinic acid and L-cysteine are biochemically 
important molecules which may coordinate to metal ions in a 
number of enzymes, either as part of the protein structure 
or as substrates. Metal complexes of both molecules have 
been investigated as model systems for biochemistry.
Novel peroxo complexes of vanadium(V) and 
molybdenum(VI) with nicotinic acid, corresponding to the 
formulas, K [V 0 (02) Nic]H20, MoO (0 ) (Nic) H 0, and
MoO (0 ) (Nic) hIo , nave been prepared ana characterised by 
infrared, electronic absorption, H NMR and C NMR
spectroscopy. Coordination of nicotinic acid through car- 
boxylato in these complexes is indicated. An unusual 
deoxygenation of nicotinic acid, N-oxide has been observed 
through the formation of Mo02 (0 )(Nic)(NicN-O)H20. This 
mixed ligand complex has been obtained from aqueous 
molybdenum-peroxo solutions to which either nicotinic acid 
or nicotinic acid, N-oxide was added initially. An unpreced­
ented peroxo-vanadium, acid catalyzed C-C bond formation 
occurs via Cl addition of ethanol or propanol to the C6 
carbon of the pyridine ring in nicotinic acid. Complexes of 
the type VO (0 ) {6-(1-RO) C ^ N O  } , R = C2H4 ' C3H6 Were 
precipitated from acidic, aqueous solution, and exhibit 
chelate coordination of the ligand product through nitrogen 
and the hydroxo oxygen, according to spectroscopy. Finally, 
diperoxo complexes of vanadium(V) with L-cysteine were 
prepared, corresponding to the general formula: 
M [VO(02)2Cys], (M = K, Rb, Cs). Bidentate coordination of 
L-cys^eine involving sulfur is indicated by the infrared, H 
and C NMR spectra. Various salts of the complex exhibit 
nearly identical spectral properties.
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SYNTHESIS, CHARACTERIZATION, AND REACTIVITY
OF SOME
NOVEL PEROXO HETEROLIGAND COMPLEXES
OF
VANADIUM (V) AND MOLYBDENUM (VI)
1. INTRODUCTION
The investigation of peroxo heteroligand complexes 
of vanadium has arisen from interests in aqueous 
equilibria,1 4 structural characterization,5 8 simplified
2 9 .
heme model compounds, ' intracellular chemistry of tran-
10-13 17sition . metals with peroxides, ' epoxidation
14 15 . . 12catalysis, ' and selective antitumor toxicity.
Vanadium is found exclusively as V(V) in solid state peroxo
complexes. In the absence of excess peroxides, oxidation-
reduction processes involving V(V) and V(IV) occur in
various solution media, depending upon the pH. Current
evidence suggests that the biochemical significance of
17vanadium involves various V(V) and V(IV) species.
Peroxo complexes of molybdenum(VI) are employed as
industrial catalysts in the Halcon epoxidation process.
Considerable work has been directed toward elucidating the
mechanism of this reaction.33'38'47 (See Sec. 2.3.) Another
line of study involves discerning possible biochemical roles
3 2 3 6of molybdenum in oxygen metabolism or catalysis. ' 
Because complex formation and reactivity is determined by 
the complicated solution chemistry of molybdenum, efforts to 
understand the behavior of molybdenum in various solvents or
- 2 -
3at varied pH, in graded concentrations or in the presence of
23—31various heteroligands, continues. Solid state work in
structure elucidation and x-ray analysis is required in 
order to assess the effects that coordination of a par­
ticular heteroligand confers upon the ligand 
25 28 29 30-49sphere. ' ' ' In turn, hypotheses concerning the
essential properties of a "good" catalyst or biological 
model may be made and put to the test of experiment.
A large number of synthetic and industrial 
applications have evolved from reactions which utilize 
peroxide and alkyl hydroperoxide complexes of vanadium (V) 
and molybdenum (VI) as oxidants. Attempts to identify 
solution species and to elucidate reaction mechanisms have 
been undertaken not only to understand known reactivity, but 
also for the purpose of developing new reactions and catal­
ysts for specific synthetic applications. Industrial 
processes utilizing molybdenum-peroxo catalysts, such as the 
Halcon epoxidation process, are safer and less expensive 
than those which rely on peracids. Furthermore, the poten­
tial biological relevance of these compounds continues to 
receive attention as recent research reveals biomimetic 
properties of in vitro reactivity and the existence of 
endogenous species which may correspond to model compounds. 
Extensive reviews on this subject have been written, and the
reader desirous of a more exhaustive treatment is referred
1 51 52 53 to these. -W ^  ^  ^
While a significant number of reaction sequences
4have been identified for various metal-peroxo catalyzed 
oxidations, contradictory evidence concerning their 
mechanisms is substantial. The initial hopes of some workers 
to develop a unified reaction scheme faded with the growing 
conviction that several possible mechanisms are compatible 
with available evidence. One of these may be more compatible 
with the observations made upon a given system than another, 
but definitive conclusions are few. Thus, the discussion of 
the reactivity and catalytic properties of vanadium(V) and 
molybdenum(VI) heteroligand complexes is offered with 
qualification as a rationale, rather than an explanation, 
for the observed chemical behavior of these species.
The investigation of molybdenum enzymes such as
nitrogenase, xanthine oxidase, sulfite oxidase, and nitrate
reductase has been substantial, but research directed toward
discerning the biochemical role of vanadium has been much 
17more limited. The recent isolation of two interesting 
vanadium enzymes, vanadium(V)bromoperoxidase from a marine 
alga and vanadium nitrogenase from an aerobic bacterium, 
suggests the possibility of vanadium-peroxo mediated 
processes in other biological systems, and will certainly 
generate research in this area.
Two biochemically relevant heteroligands, nicotinic 
acid, and L-cysteine, were selected for this study in order 
to: 1) prepare novel peroxo complexes of vanadium(V) and
molybdenum(VI) with heteroligands that might demonstrate 
unusual electron-transfer mediation properties, 2) to dis­
5cern the coordination inodes exhibited by these ligands in 
various systems, and in particular, to generate peroxo 
complexes with an aromatic nitrogen or a sulfur contained in 
the coordination sphere, 3) to further characterize dif­
ferences in the reactivity of vanadium(V) and 
molybdenum(VI).
Systematic nomenclature denotes nicotinic acid as 3- 
pyridinecarboxylic acid, more commonly recognized as the 
vitamin niacin. Nicotinic acid is a metabolite of tryptophan 
and a precursor to the coenzymes nicotinamide adenine dinuc­
leotide (NAD+) and nicotinamide adenine dinucleotide phos-
70 . . .phate (NADP+). In humans, a dietary deficiency of
nicotinic acid may cause pellagra, a disease which manifests
70as dermatitis, diarrhea, and dementia.
Interests in metal complexes of nicotinic acid have 
arisen from three primary areas. In 1959, Schwarz and Merz
isolated a chromium containing substance from brewers
71 .yeast. Because normal glucose tolerance in lab animals
requires the presence of this natural product, it is
referred to as glucose tolerance factor (GTF). Attempts to
analyze GTF implicated nicotinic acid, glycine, glutamic
acid, and cysteine as essential components of the active 
72 73complex. ' A considerable effort to elucidate the coor­
dination chemistry of chromium-nicotinic acid complexes in
y2-75 75-30
the solid state and in solution recently emerged.
Another field of interest involved the electron transfer
81properties of bridging aromatic heterocycles. Finally,
6potential coordination at either the pyridine nitrogen or 
the carboxylato oxygens, or bridging via both groups,
prompted investigations of coordination complexes of
72-81 82 83 84chromium cobalt, copper, vanadium, and
85molybdenum with nicotinic acid.
L-Cysteine exhibits ambidentate coordination and
interesting redox reactivity involving the mercapto group.
These physical characteristics, as well as observations
indicating the coordination of sulfur atoms, or of L-
cysteine itself at the active sites of several important
metalloenzymes, has prompted investigators to synthesize and
characterize various metal-cysteine complexes.
It has been noted that ESR and EXAFS studies
indicate the potential involvement of L-cysteine in the
92—94molybdenum-sulfur enzymes xanthine oxidase,
9 5 - 9 7  t # 9 7  _ 9 3
nitrogenase, sulphite oxidase, aldehyde oxidase, ,
95_93
and nitrate reductase, . L-Cysteine coordination to iron
via sulfur was established in the ferrodoxins, suggesting
9 8unusual electron mediating properties for sulfur. Zinc-
sulfur coordination of L-cysteine residues also occurs in
several enzymes, such as horse liver alcohol
9 9dehydrogenase. L-Cysteine and its derivative D-
penicillamine ( p , p -dimethylcysteine) have been studied as
chelating agents for detoxifying low levels of copper,1^0
101-103 100 101 .mercury, and lead. ' D-Penicillamine is used
routinely for the treatment of Wilson’s disease, caused by
an accumulation of copper, and for lead and mercury
7poisoning.10  ^ Furthermore, the use of mercuric diuretics
results in urinary excretions containing L-cysteine
103complexes of Hg(II). Such complexes have also been
103implicated in the transport of mercury across membranes. 
Recently, attention has been drawn to the inhibition of (Na+ 
+ K+)ATPase by vanadate(V) as well as to interactions of 
vanadium(V) and vanadium(IV) with other enzyme systems. 
Since little work has been undertaken on vanadium complexes
with nitrogen or sulfur donor atoms, investigations of
. • . . 104 105cysteine complexes with vanadium were undertaken. '
The chemical literature related to metal complexes 
of cysteine is extensive and an exhaustive treatment of this 
topic is beyond the scope of this survey. Therefore, the 
discussion of this area of research concentrates on those 
complexes for which an x-ray structure has been obtained or 
which have been well characterized by spectroscopy.
We have prepared novel peroxo complexes of 
vanadium(V) and molybdenum(VI) with nicotinic acid, corres­
ponding to the formulas: K2 [V202 (02)4Nic]H20,
Mo0(02)2 (Nic)H20, and Mo02 (C>2) (Nic) H2<D. Infrared and 1H NMR 
spectroscopy indicate coordination of nicotinic acid through 
carboxylato in these complexes. An unusual deoxygenation of 
nicotinic acid, N-oxide has been observed through the for­
mation of Mo02 (C>2) (Nic) (NicN-O) H20. This mixed ligand 
complex has been obtained from aqueous molybdenum-peroxo 
solutions to which either nicotinic acid or nicotinic acid, 
N-oxide was added initially. An unprecedented peroxo-
8vanadium, acid catalyzed C-C bond formation occurs via Cl
addition of ethanol or propanol to the C6 carbon of the
pyridine ring in nicotinic acid. Complexes of the type
V0(02) {6-(l-R0)C6H4N02}, R = C ^ , C3H6 precipitated from
acidic, aqueous solution, and exhibit chelate coordination
of the ligand product through nitrogen and the hydroxo
oxygen, according to spectroscopy. Finally, diperoxo
complexes of vanadium(V) with L- cysteine were prepared,
corresponding to the general formula: MI2 [VO(02)2Cys], (M+ =
K, Rb, Cs) . Bidentate coordination of L-cysteine involving
1 13sulfur is indicated by the infrared, H and C NMR spectra. 
Various salts of the complex exhibit nearly identical 
spectral properties. The complexes were analyzed and charac­
terized by elemental analysis, cerium(IV) and thiosulfate
1 13titrations, and H NMR, C NMR, infrared, and electronic 
absorption spectroscopy.
2. LITERATURE SURVEY
2.1. Peroxo Heteroligand Complexes of V(V)
2.1.a. Vanadates in Aqueous Solution
Several determinants of vanadium peroxo chemistry
derive from the complex equilibria between aqueous vanadium 
1species. Such species have been characterized by poten- 
tiometry, absorption spectrometry, and cryoscopy. 
Predominance of a given vanadate depends upon:
(i) hydrogen ion concentration
(ii) vanadium concentration
(iii) ionic strength of the medium
—4(i v ) temperature At concentrations of 10 M or less,
monomeric vanadate and metavanadic acid have the following
1pH dependent equilibria:
(pH=13) V043” + H+ ^ H V 0 42”
(pH=8 . 4) HV042~ + H+ « - V 0 3" + H20 
(pH=4 . 5) V03” + H+-»HV03"
(pH=3 . 7) HV03 + H+ -«-V02+ + H20
Depolymerization to metavanadate ion occurs above pH = 6.5
- 9 -
10
Some controversy surrounds the nature of the metavanadate
4 -  -  3 -
lon. Tetramenc V4C>12 (VC>3 )4 as well as tnmeric V3°9
-  1 
(VC>3 )3 structures have been postulated. With increasing
pH, metavanadate proceeds through the dimer, pyrovanadate
4- . 3-V_0_ to the orthovanadate ion VO. . Orthovanadate exists 2 7 4
at all concentrations in strongly alkaline media. It is
51tetrahedral according to infrared, raman, and V - NMR
51 .spectra. Further V NMR work indicates that metavanadic
acid, pyrovanadic acid, pyrovanadate, and the metavanadate
ion are all tetrahedral. Decavanadate, however, must have a
16 ■different type of coordination. The
v2o.
as
► VO
too7
H jV 0 47
V(OH)j?
The approximate conditions of pH and total vanadium concentration under which a 
given species would be the major solute component of a vanadate solution at 25°C. Demarcation 
lines about which there is doubt are dashed.
Fig. 1
11
. . . -4aqueous vanadate equilibria for [V] > 10 M may be written
1as
(pH>13) 
(pH>8.4) 
(8>pH>3)
2V0.3” + 2H+4
4 —W 2°7 + 6H «
10V-O-3- + 12H+ 
j y
V10°286" + H + ~
2HV042-— V20?4- + H20 
► 2V3093“ + 3H20
^ 3V10°286_+ 6H2° 
• ^ l O ^ S 5” - H2V10°284"
H 2V 10° 284- + 14H+ 10V02 + 8H20(pH<3)
These equilibria illustrate that down to pH = 3, increased 
acidity and vanadium concentration result in increased 
polymerization. Figure 1. may be helpful in visualizing 
these interactions.
2.1.b . Peroxovanadates
The characterization of peroxovanadates has revealed
species containing 4:1, 3:1, 2:1, and 1:1 ratios of peroxide
1 3-to vanadium. Deep blue salts of the v (°2)4 anion can be
precipitated at temperatures below 0 C in concentrated
alkaline solutions containing high concentrations of
vanadium(V) and an excess of H2°2* These compounds are
unstable at temperatures above 0 C. Solutions of triperoxo
and diperoxo vanadium anions are yellow, while the
monoperoxo cation produces a red color. Typically, these
ions contain one or two vanadyl oxygens per vanadium. The
two triperoxo anions exist in an acid-base equilibrium:
Several diperoxo anions have been noted, two of which are
vanadium dimers. The equilibria of diperoxo anions,
monoperoxo cations, and aqueous vanadates were studied
1 2by spectrophotometry and dialysis. ' Orkhanovic and 
2Wilkins followed the formation of the red monoperoxo
species at 455 nm (^max=280^* Appearance of the yellow
diperoxy species from V02+ and excess H2C>2 was monitored at
355 nm- (£=610), and at 455 nm (£=25) via the red
intermediate species which also enabled observation at the
isosbestic point, 404 nm (£=198). The red cation and the
2yellow anion are related in perchloric acid by:
V0(02)+ + H202 -*»-V0(02)2- + 2H+ (k2)
with k2=1.3, 1=1.0 at 298 K. The 2:1 VO(C>2)2 anion behaves
as an acid causing a decrease in pH when peroxide is added
to a metavanadate solution and is favored by high hydrogen
1peroxide concentrations. In acidic hydrogen peroxide
solutions with low vanadium concentrations, the VO(C>2)+
2cation is formed, and is independent of the nature or 
concentrations of the acid:
V02+ + H202 ^ V 0 (°2)+ + H2°
4 . .where K1 = 3 . 5 x l 0 ,  I = 1.0 M at 298 K. Strongly acidic
13
solutions result in the production of V02 + with subsequent
1reduction of V(V) to V(IV). Several generalizations concer­
ning the aqueous vanadium (V) H20 and H2C>2 systems may now be 
1
made:
(1) The number of peroxo groups per vanadium 
increases with alkalinity
(2) Increasing acidity increases polymerization and
decreases the number of peroxo groups per vanadium 
atom
(3) Increasing the concentration of H202 decreases
the degree of polymerization
(4) Comparison of the pK values of the transformations
H02" + V02 (02)“ ^ H V 0 2 (02)22" (pK=7 .15)
V3°93-~ V2°74" +V02+ (PK“8.5) 
and the dissociation constants
HV0(02)32' ^ V 0 ( 0 2)33“ + H+ (K=l. 1 x lO-12)
HV042" «-V043” + H+ (K=3.5 X 10’14)
shows that peroxo species are more acidic and less 
polymerized than simple vanadates.
2.I.e. Survey of Peroxo-Heteroligand Vanadium (V) Complexes
The coordination of a heteroligand to the peroxo
. . 11vanadium moiety stabilizes the complex. The specific
12heteroligand determines the biological activity or the
14 15catalytic reactivity ' of the complex and can shift the 
V(V)/V(IV) redox potential (E__o0=l.00V) sufficiently to
c* y o
14
10allow intramolecular electron transfer. In this case,
peroxide is oxidized to the superoxide radical coincident
10 14with vanadium reduction. ' Monoperoxo, diperoxo, and 
alkylperoxo complexes have been isolated with mono- and 
polydentate heteroligands in which nitrogen and oxygen are 
the donor atoms. The vanadyl (V=0) group is also an integral 
component of most of these complexes. With the exception of 
ammonium oxdiperoxoamminevanadate (V), all x-ray structures 
reported to date 5,7,8,13,14,21,22 have revealed 7-
coordinate pentagonal bipyramidal geometry. Typically,
peroxo ligands, together with the heteroligand form an
equatorial plane from which the vanadium is displaced
slightly (about 0.3 A) toward the vanadyl oxygen at one
apex. The other apex may be occupied by a peroxo ligand on
5an adjacent vanadium , a coordinated water molecule, or the
g
heteroligand. The NH4 [VO(02)2 (NH3)] complex is best charac­
terized as pentaganol pyramidal, but a weak interaction of 
vanadium with a peroxo ligand on a neighboring anion is 
reminiscent of the predominating pentagonal bipyramidal 
geometry.
Peroxo heteroligand vanadium (V) complexes may be
categorized as diperoxo, monoperoxo, or alkylperoxo.
Interestingly, this order generally corresponds to their
chronological order of appearance in the literature. Since
19 67, original synthetic work in this area has been
10 12 13 21dominated by Djordjevic, et.al. ' ' ' and Mimoun,
14 15 . .
et.al. ' Most preparations are carried out m  aqueous
15
peroxide media, the exceptions being Mimoun1s alkylperoxy
15 . .compounds which are precipitated from various organic
solvents.
2.1-c .1- Diperoxo complexes
18In 1898, Melikov and Pissarevski reported the
ammonium' salt (NH4) [v2°iil which was characterized by
5Svennson and Stomberg m  1976 by x-ray crystallography 
(Fig. 2) and reassigned the more appropriate structural 
formula (NH4)4[0(VO(02)2)23 •
,1.51
,V(U
0(111 1.61
187.
Vtn2.53
IA5
Fig. 2. The [0(V0(02)2) ]4 ion.
The absence of a stabilizing heteroligand is notable
as is the unusual oxygen bridge. Cross coordination of
0
vanadium with a peroxo ligand on an adjacent nucleus is 
another interesting structural feature. In contrast,
i
ammonium oxodiperoxoammine vanadate (V) NH4 [VO(02)2NH3]
16
(Fig. 3) has hexacoordinate pentagonal pyramidal geometry. 
The ammonia nitrogen now lies in the equatorial plane in 
place of the bridging oxygen. The shortest nonhydrogen 
intermolecular contact in the complex is 2.926 A from 
vanadium to the vanadyl oxygen of a second anion, as opposed 
to 2.50 A for the vanadium-apical bridging peroxo coor­
dination in (NH4)4[0{V(02)2>2].
0
L 42_L.X X
r
Fig. 3. (NH4)4[0{V(02)2>2].
. 10In 1973 Djordjevic and Vuletic reported diperoxo
vanadium complexes with 2,21-bipyridine (bipy), 1,10-
2 -
phenanthrolme (phen) , and oxalate C2<04 (ox) of three
general molecular formulas: M[V0(02)2L]nH2<D, M=Na,K, or NH4, 
L=bipy or phen, n=2-5; [VO (02) 2 (ox) ]-2H20, M=K or NH4 ; and 
LH [V 0 (O ) L ]-6H 0, L=bipy or phen, was obtained with
C m Z Z C m *T C m C m
large excesses of the heteroligand. These orange or yellow 
crystalline complexes were characterized by elemental anal­
ysis, infra-red spectroscopy, molar conductivity
17
measurements, iodometric and cerimetric titrations, and x-
ray powder photographic analysis. Employing the method of
10Djordjevic and Vuletic, Einstein, et.al. prepared the
oxalate8 [VO (0^) 2 (C2°4^ H2° anc* obtained its crystal
22structure, which was later refined by Griffith, et. al. 
(Fig. 4)The crystals are monoclinic and the complex anion is 
pentagonal bipyramidal. Two asymmetrically coordinated 
peroxo groups define four corners of the equatorial plane. 
One carboxylato oxygen of the oxalate occupies its fifth 
site and the other carboxylato assumes the apical position. 
The vanadium is'displaced from the plane toward the apical 
vanadyl oxygen. A water molecule is weakly hydrogen bonded 
to the oxalate and peroxo groups.
o
o
Fig. 4. The [V0(02)2(C204)]3- ion.
22Griffith, et.al., obtained crystals of
18
NH4[VO(02)2bipy]-4H20 suitable for x-ray diffraction 
studies. The peroxo groups are apically bound with one 
bipyridine nitrogen occupying the fifth equatorial site, and 
the other nitrogen coordinated at one apex.
Fig. 5. The [VO(02)2bipy] ion.
2.I.e.2. Monoperoxo complexes
19Following the method of Hartkamp, Einstein and
7
Drew obtained deep red-orange crystals of ammonium 
oxoperoxo (pyridine-2,6-dicarboxylato) vanadate (V) hydrate 
NH4 [V0(02)H20(C5H3N(C00)2)]-xH20, x=l.3 which were suitable 
for single crystal x-ray diffraction The ligand coordinates
19
tridentately via the carboxylato groups and the pyridine
nitrogen. The peroxo group and the heteroligand define the
pentagonal plane, with a vanadyl oxygen and a water molecule
19at the apices. Hartkamp reported that the absorption 
spectrum in aqueous solution exhibited A iax=4 3 2nm (e=4 56). 
Wieghardt performed extensive kinetics studies on the for­
mation of the [VO (02) C5H3N(COO) ] -H20 anion and its
20precipitation with various cations.
14Mimoun, et.al. synthesized a number of compounds
with two general formula types: type I - [VO(02) (0-N) LL1 in
which (0-N) represents the bidentate oxygen-nitrogen donor
ligands pyridine-2-carboxylate (pic) or pyrazine-2-
carboxylate, and L,L*=H20, MeOH, or o-donor monodentate
ligands; type II - [VO(02)(pic)2] A+L with A+=H+ , PPh4+ and
L=H20 , hexamethylphosphorictriamide (HMPT). These complexes
were synthesized for the purpose of determining heteroligand
effects upon catalyzed epoxidation of olefins or the hyd-
roxylation of alkanes and aromatic hydrocarbons. All
complexes were characterized by elemental analysis, cerimet-
ric titration, infrared spectroscopy, NMR spectroscopy, and
conductimetry. Crystal structures were obtained for
VO(02)(pic)(H20) (Fig. 6) and for an oxo-heteroligand-
vanadium decomposition product of the reactivity studies.
These studies are reviewed in section 2.3. The pentagonal
14bipyramidal VO(02)(pic)(H20) complex displays two remar­
kable features. First, the complex is electronically neut­
ral. Second, one coordinated water is contained in the
20
pentagonal plane with the bidentate heteroligand and is 
strongly hydrogen bonded to the peroxide ligand and to the 
carboxylato group. The peroxide ligand, located trans to the 
carboxylato oxygen, participates in hydrogen bonding to the 
picolinic hydrogen labeled HC1 in Fig. 6.
C406 Cl
HCJ C5 01
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Fig. 6. V0(02)(pic)(H20)2.
As expected, the vanadium is displaced toward the vanadyl 
oxygen and the second water molecule occupies the opposite 
apex.
21Djordjevic and Sinn reported the structure of 
k2[VO(02)NTA]-2H20 which possesses pentagonal bipyramidal 
geometry with the 3 carboxylato groups of nitrilotriacetate 
and the peroxo ligand forming the equatorial plane. The
vanadyl group and one of the water molecules are located at
3 . . .the apices. Tanaka, et.al. performed extensive kinetic
studies on the formation of the peroxo complexes of
nitrilotriacetatodioxovanadate (V) and dioxo (2,6,-
pyridinedicarboxylato) vanadate(V). (See Sec. 2.3)
21
The oxoperoxoiminodiacetate vanadium (V) anion
—  . 1 3
[VO(C>2) IDA] provides an example of a polymeric species.
(Fig. 7) Potassium and ammonium salts were prepared and 
characterized by ultraviolet and infrared spectroscopy and 
the crystal structure of the ammonium salt was obtained. 
Maximum absorption occurs at 420nm in the pH range of 2-8 
but shifts to 450-460nm at pH<l with the appearance of a 
second band at 280 nm.
Fig. 7. The [V0(02)IDA] ion.
22
The imminodiacetate ligand coordinates tridentately to 
vanadium via the nitrogen and the two carboxylato groups, 
however, the second oxygen of one carboxylato group defines 
the apex on an adjacent pentagonal bipyramid. The vanadyl 
group forms the opposite apex with the vanadium displaced 
from the peroxo-heteroligand plane toward the vanadyl 
oxygen, as expected.
12 21Djordjevic, et.al. ' also reported compounds of
the type M1[VO(02)L]H20, L=malate, citrate, and EDTA;
MI=K,NH^, or Cs. The polydentate ligands malate and citrate,
respectively, form dimeric complexes in which the vanadium
atoms are doubly bridged by deprotonated hydroxy group
oxygens. Carboxylato groups are coordinated equatorially and
21apically m  the complexes. These complexes, as well as
(NH4) 4 [0{V0(02) 2 ) 2  ^ ' an(^  vanadium peroxo compounds with
oxalate, IDA, and NTA were tested for antitumor activity and
12toxicity against L1210 murine leukemia m  mice. (refer to 
Sec. 2.3)
2.1.c.3. Alkylperoxo complexes
Alkylperoxo complexes of the general formula 
VO(OR)(R'-OPhsal-R") with R'-OPhsal-RII = N-(2-oxidophenyl)
salicylidineaminato, R= t-Bu or CMe2Ph, R'= H, CH3, Cl, N02,
15and R"=H or Cl were recently prepared by Mimoun, et.al. 
(Fig. 8) These complexes were prepared by reacting
23
V0(0-iPr)3 with one equivalent of the Schiff base ligand in 
a dichloroethane solution to which excess (80%) alkyl- 
peroxide was added at Oc C.
Fig. 8. Schematic of VO(OR)(R*-OPhsal-R").
Addition of pentane precipitates the solids which are stable
under refrigeration. The complexes were characterized by
1 13infrared, H NMR and C NMR spectroscopy. Selective
epoxidation of olefins by these reagents occurs with yields
ranging from 40% for 1-octene to 98% for
15tetramethylethylene. (Refer to Sec. 2.3) Mimoun
hypothesizes a pentagonal pyramidal structure for these 
complexes.
Fig. 9. Schematic of [VO(OO-t-BU)(C5H3N(COO)2)]-H20).
24
An as yet unpublished crystal structure of
[VO(OO-t-BU)(C5H3N(COO)2)]-H2) was noted15 (Fig. 9) in which
3 .the OO-tBu group is sp hybridized by coordination to
vanadium, assuming a geometry similar to the peroxo 
complexes.
2.2. Peroxo Heteroligand Complexes of Mo(VI)
2.2.a. Molybdates in Aqueous Solution
Attempts to identify ionic molybdate species have
utilized dialysis, diffusion, pH titrations, conductometric
titrations, cryoscopy, light scattering, ion exchange,
ultracentrifugation, U.V. spectroscopy, and Raman 
23spectroscopy. Molybdate systems become especially complex 
below pH 7 where the predominant equilibrium appears to be 
between a mononuclear and a heptanuclear species. One dif­
ficulty encountered in attempts to identify isopolyanions is 
the low rate of establishment of equilibria.
In basic solution, the predominant species is the 1-
2— . 23 24molybdate anion, MoO^ , which is tetrahedral. ' Below pH
7, protonation of the 1-molybdate leads to octahedral
geometry. The strongly donating oxo ligands balance the
positive charge on molybdenum in alkaline media. As these
25
are protonated, they become less effective electron donors,
which in turn requires molybdenum to coordinate to more
ligands to approach charge neutrality. Under these
conditions, the presence of a chelating ligand frequently
24results m  complex formation. When solutions of molybdates 
are acidified, polymerization occurs and isopolyanions are 
formed. At pH>4.5, and concentrations of Mo<0.25 M. , there 
is an equilibrium between:
7 MoO 2“ + 8H+ -m -Mo „0_>16“ + 4Ho0 4 7 24 2
Further acidification results in the formation of an
. 23,24octamer: '
Mo„0-„6" + MoO.2" + 4H+ -*-Mo00 4” + 2H-0
/ 24 4 8 2 6  2
No direct evidence for intermediates has been found,
therefore, aggregates of lower order must be formed rapidly
and in small concentrations. The hepta- and octa-nuclear
23species have been well characterized, however. Some 40
heteroatoms can function to form heteropoly complexes. The
iso- and heteropolyanions consist of molybdenum centres in
octahedra of oxygen atoms sharing corners and edges but not
23faces, according to X-ray structure analysis. With suf­
ficient acid at pH<0, depolymerization occurs to yield the 
2+ .MoC>2 ion which is hexa-coordmate, with water or the acid
24anion completing the coordination.
26
At very low molybdenum concentrations, 
— 6 —8[Mo]<10 ,10 , monomeric species are present in the pH = 1-
246 range. The following species have been postulated: 
pH=2.5-6.0 HMo04”
pH=l-2.5 H2Mo04
2.2.b . Peroxomolybdates
An early question regarding peroxomolybdates was 
whether it was more coorect to view the complexes as 
dioxygen complexes of molybdenum (IV) or as peroxo complexes 
of molybdenum (VI). Extensive x-ray structure analyses of 
peroxomolybdates and peroxo-heteroligand molybdatyes 
revealed 0-0 bond lengths ranging from 1.39 A - 1.55 A,
which compares favorably with the hydrogen peroxide 0-0 bond 
distance of 1.44 A. While an 0-0 bond distance of only 1.36 
A was observed in (NH4)3[Mo0 (02)F4], these distances are 
still considerably longer than the 1.21 A bond length in 
dioxygen, confirming the correctness of the peroxo- 
molybdenum (VI) formulation.
Salts of 4:1, 3:1, 2:1, 1:1 and non-stoichiometric
2- 23ratios of (02 ) :Mo have been reported. In concentrated
peroxo solutions, an equilibrium exists between 2:1 and 4:1
species:
[(02)2Mo (0)OMo (0)(02)]2- + 4H202 —  2Mo (02)42- + 3H20 + 2H+
The 4:1 species is favored by weakly alkaline solutions, and
red salts of the type - MI2 [Mo (02) 4 ] , MI=Na, K; MII=Ca/ Sr,
2+Ba, Co, Zn(NH3)4 , have been isolated. These are unstable 
complexes which explode upon impact or heating. In some of
these, some peroxide may not be coordinated but may exist as
23 2-an h2°2 of crystallization. The Mo(02)4 anion is
dodecahedral. An alternative view is to consider the anion
as tetrahedrally coordinated to the midpoints if the /Tf
2 —
bonded peroxo ligands. Decomposition to Mo04 occurs in 
strong alkali. Dissociation to the 2:1 species results from 
lowering the pH.
In weak peroxo solutions at pH<7, the predominant 
equiibrium is between a 1:1 tetranuclear and a dimeric 2:1 
species:
H2[Mo4 (0)9 (02)4} +4H202^ - 2 H2[(02)2Mo(0)0Mo(0) (0[02)2] + 3H20
The addition of hydrogen peroxide to a solution of polymeric
molybdic acid results in a decrease in pH, indicating a
decrease in polymerization according to the equation above.
This occurs if the peroxo-metal concentration is greater
than 1:1. If it is less than 1:1, there is a slight increase
1m  pH suggesting the presence of complex polymeric species.
The addition of H2C>2 to an alkali metal molybdate 
solution also leads to an increase in pH according to:
28
The pH falls again as the concentration of ^ 202 becomes 
large.
While the equilibria described thus far may depict
the most general observations on aquo-peroxo-molybdate
25-29systems, studies by Stomberg, et.al., suggest that much
more complicated interactions actually occur. The isolation
and x-ray crystallographic characterization of mono-, di-,
tri-, tetra-, penta-, hepta-, octa-, and deca-peroxo 
29molybdates confirms the existence of complex anionic
species in solution. Crystal structures of the following
25complexes have been obtained: K2 [0{Mo0 (02) 2H20 >2 ]-2H20
[Zn(NH3)4][Mo0(02)4] 30, 2PyH+ [0{Mo(02)2H20}2] 31
2PyH+ [Mo0(02)200H]2 3 1 , K4[Mo4°12(021)2] ^
K6CMO7°22(°2)2)-H20 ‘ V M°2°3 <°2 > 4 (H2°> 2 ^ -2H2°29
H4)4[M°3°7 (°2)4^”2H2°^9' K6 ^M°5°10 ^ °2 ^ 8 ^ —^H2° ”
V M07021<°2>2<OH>]-6H20 ^ '
(NH4)4[Mo8024(02)2 (H20)2]-4H2029,
29(NH4)8 [Mo1Q022(02)12]-16H20 . Despite the similarities of
+ + 29the atomic radii for the K and NH^ cations, Stomberg
notes that the structures of compounds obtained upon crys­
tallization from solutions of similar composition are sig­
nificantly different depending upon the cation. Only four 
compounds to date have isomorphous potassium and ammonium 
salts. Generally, oxomolybdates have octahedral geometry and 
cis-dioxo coordination while the peroxo complexes have 
pentagonal bipyramidal structures. In oxo-bridged polynuc- 
lear Mo complexes containing centres with and without coor­
29
dination to peroxo ligands, both types of symmetry may be
present locally. Stomberg makes the following conclusions
from chemical, phase analytical, and structural work on
29potassium and ammonium peroxomolybdate (VI) systems:
1. Over a wide pH range in which the ratio of peroxide 
to molybdenum is less that 1:2, the peroxo ligand will 
replace terminal oxo ligands to a slight extent, i.e.,
tMO°22+x(°2> 2-X J 6"' [M07 <°21> 2 (°H) ]5“'
[Mo8(°24)(d2)2(H20)2]5"-
2. Addition of H202 resulting in peroxide to molybdenum
ratios from 2:1 to 4:1 causes depolymerization. Mono- and 
dinuclear species containing two to four peroxo groups per 
molybdenum can be isolated, i.e., K2[Mo(02)4],
K2[0{Mo0(02)2H20}2]-2H20.
3. Peroxo to molybdenum concentrations ranging from 1:2
to 1.6:1 yield polynuclear species with non-stoichiometric 
ratios of peroxo ligand to molybdenum, i.e., 
(NH4)4 [Mo307 (02)4H20], (NH4)8 [Mo10022(02)12]-16H20.
The variety of oxo-peroxo-molybdates which have been 
characterized indicates a dynamic interaction of 
stereochemically non-rigid species in solution which, under 
the right conditions, may be trapped by counterions and 
lattice energies of crystallization. It has been noted
30
9 24 28' 7 that coordination of the peroxo ligand to the metal
may be considered as the replacement of a strongly ^
donating oxygen by a symmetrically coordinated peroxo
donor. In the appropriate cases (the analogy breaks down for
diperoxo mono- and di-nuclear complexes), this results in
peroxo complexes which possess approximately the same
geometry as the analagous molybdate. The peroxo ligand
occupies one coordination site. Thus, the dodecahedral
2 -
structure of Mo(02)4 can be regarded as tetrahedrally
coordinated to the midpoints of the peroxo ligands and is
2- 24analagous to the MoC>4 1-molybdate. Similarly, the
complex ion [Mo7C>22 (C>2) 2 ] is analagous to the heptamolyb-
date [Mo07024] . The variety of polynuclear peroxo species
is suggested as indirect evidence that there are in fact
intermediates in the molybdate equilibrium,
7MoO.2” + 8H+ -«-Mo^0^„6_ + 4H„0 4 7 24 2
23 24contrary to earlier statements. ' One way to view these 
systems might be to consider that the addition of peroxide 
to an aqueous molybdate solution stabilizes short-lived 
anions of intermediate nuclearity by the replacement of oxo 
ligands with peroxo ligands. The inclusion of a heteroligand 
further stabilizes monomeric and dimeric species. The 
aqueous and aqueous-peroxo chemistry of molybdenum is highly 
dependent upon pH, temperature, the concentration of molyb­
denum, the concentration of peroxide, and the presence of a 
heteroligand. Processes of oxidation-reduction, complex ion 
formation, hydrolysis, decomposition and dissociation all
31
occur, with the dominant equilibria being determined by the 
phase composition.
2.2.c. Survey of Peroxo-Heteroligand Molybdenum (VI) 
Complexes
Virtually all peroxo heteroligand molybdenum(VI)
complexes reported to date exhibit heptacoordinate,
distorted pentagonal bipyramidal geometry. The notable
exception to this is a sterically hindered octacoordinate
47porphyrin complex. Molybdenum(VI) peroxo complexes with
oxalate,8710726736 dipicolinato,7'44 and picolinato14746
have vanadium(V) analogues, but molybdenum(VI) reacts quite
21 3 6differently from vanadium(V) with malate ' and
21 41citrate 7 . Several novel peroxo heteroligand complexes of
molybdenum(VI) have been structurally characterized.
2.2.c.1. Monomeric diperoxo complexes
Two crystal structures of monomeric diperoxo species
32involving monodentate heteroligands have been reported,
although similar structures have been suggested for several
32 33 34complexes involving monodentate ligands. 7 7 In 1985,
32 .Djordjevic, et.al., reported pentagonal bipyramidal struc­
tures of the formula Mo0(02)(HAA)H20 in which HAA=amino
32
acids: glycine (Fig. 10), proline. One carboxylato oxygen of 
the amino acid is coordinated in the pentagonal plane formed 
with the peroxo ligands. The amino acid exists in its zwit- 
terionic form. Molybdenum is displaced from the plane toward
Fig. 10. MoO(02)(Gly)H20.
the apical oxygen. A molecule of water is coordinated at the
opposite apex, as shown in the figure. The Mo-0 peroxo bonds
are slightly asymmetric in the glycine complex, as they are
in one of the peroxo groups of the proline complex. The bond
lengths range from 1.923 A to 1.962 k . Significant assym-
metry occurs in the second peroxo ligand of the proline
complex. One Mo-0 bond distance is 1.929 k , while the other
is 1.974 k . Complexes involving the amino acids a-alanine,
32valine, serine, and leucine were also reported. Charac­
terization by cyclic voltammetry, IR and UV spectroscopy
33
indicated that these were structurally similar to the 
glycine and proline complexes. The complexes were obtained 
from acidic aqueous hydrogen peroxide solutions containing 
1:1 equivalents of MoO^ and a corresponding amino acid.
Analagous vanadium compounds could not be obtained despite 
extensive attempts.
33 34Mimoun, et.al., and Westland, et.al., prepared
diperoxo compounds with several types of monodentate
heteroligands, all containing oxygen or nitrogen donor
atoms. Three types of complexes with the general formula
Mo0(02)2L1L2 were described: Type I, L^heteroligand,
L2=H20; Type II, L1=L2=heteroligand; Type III, L^=DMF,
pyridine, L2=hexamethylphosphorictriamide. The heteroligands
33 . 3 3  .were tertiary amides, phosphoramides, aromatic amine
oxides,33 aromatic amines,33 tertiary amine oxides,34 or
34tertiary arsine oxides. These complexes are proposed to be
33 34 33pentagonal bipyramidal monomers. ' Mimoun's compounds
were characterized by elemental analysis, cerimetric tit-
1ration, infrared spectroscopy, H NMR spectroscopy, and
conductimetric measurements. They were examined extensively
for catalytic properties (Sec. 2.3). Westland characterized
1 13compounds by elemental analysis, IR, H NMR and C NMR 
spectroscopy. Stability studies were performed employing 
differential thermal analysis, solution kinetics, and photo 
exposure.
Several monomeric diperoxo complexes of molybdenum 
with bidentate heteroligands have been prepared and charac-
34
terized by x-ray crystallography, all of which exhibit
2 6pentagonal bipyramidal geometry. Stomberg prepared the
oxalate complex K2 [MoO(C>2) 2 (c204) ] following the method of
35Rosenheim, et.al. The structure was further refined by
3 6Djordjevic, et.al., (Fig. 11) who observed the catalytic 
conversion of malate and malonate to oxalate in aqueous 
peroxidic molybdate solutions (See Sec. 2.3) This conversion 
is not observed in analogous vanadium systems from which a
peroxo-malato-vanadium (V) complex has been isolated and its
21 . . .  structure reported. Oxalate is coordinated via one oxygen
from each carboxylato group. One oxygen is in the peroxo-
ligand plane; the other occupies the apex trans to the
terminal oxygen.
Fig. 11.The [Mo0(02) (C204)]2~ ion.
35
This structure is analogous to the vanadium complex
in r
K3[VO(02)2 (C204)]-H20 ' described earlier.
Two distinct peroxo molybdenum complexes with
picolinato have been structurally characterized. The
monoperoxo form has an interesting vanadium analogue,
however, the diperoxo form H+ [MoO(02)2pic]-2pic-H20,
37prepared by Mares, et.al. does not (Fig.12). A carboxylato 
oxygen occupies an equatorial site in both species, but the 
nitrogen is apically coordinated in the diperoxo complex. 
Two picolinato molecules and one water of crystallization 
occupy lattice sites.
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Fig. 12. The [MoO(02)2pic] ion.
3 8Schurig, et.al., prepared and later reported the
39x-ray crystal structure of an optically active complex 
containing bidentate (S)-N,N-dimethyllactamide
Mo0(02)2((S)-MeCH(OH)C0NMe2). (Fig. 13) The keto-oxygen lies 
in the pentagonal plane containing the peroxo groups. The
36
hydroxyl oxygen is coordinated at one apex via lone pair 
electrons, forming a 5-membered chelate ring which is 
distorted due to steric constraints. In contrast to the
vanadium citrato and malato complexes21 as well as the
48 . 41molybdenum tatrato complex , the citrato complex , and the
glycolate
Fig. 13. MoO(02) {(S)-MeCH(OH)CONMe2}
49 . . .complex , the hydroxy group remains impervious to dep­
rotonation. This is probably an effect of weaker Mo-0 bon­
ding at the apical position trans to the tightly bound oxo 
ligand. The geometry of the amide group differs sig­
nificantly in the coordinated ligand. The complex was fur-
l
ther characterized by elemental analysis, IR and H NMR
spectroscopy and was observed to facilitate asymmetric
3 8epoxidation in simple olefins (Sec. 2.3).
In addition to the diperoxo monodentate heteroligand
33complexes noted earlier, Mimoun, et.al., also prepared two 
complexes which included the bidentate ligands
37
octamethylphosphoramide MoO(02) (OMPA) and 2-21bipyridine
40MoO(C>2) 2 (bipy) . Recently, Schlemper, et.al., obtained 
crystals of MoO(02)2 (bipy) which were suitable for x-ray 
diffraction studies. (Fig. 14) The heteroligand is coor­
dinated equatorially and apically via the two nitrogens. The
O i l )
CM)
CIS)
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Fig. 14. MoO(02)2(bipy)
peroxide ligands are asymmetrically coordinated with Mo-0
bond distances of 1.910 A and 1.950 A. The structure of the
-  10 22analagous vanadium anion [VO(02)2bipy] ' is very
similar.
41Griffith, et.al., prepared a bidentate citrato 
complex of the formula K2[Mo0(02)2CgH607]0.5H202-3H20 and 
obtained its crystal structure. (Fig. 15) The yellow, monoc­
linic crystals revealed equatorial coordination via the 
deprotonated hydroxo atom and axial coordination through the
38
central carboxylato group, forming a 5-membered chelate 
ring. This is an unusual mode of coordination for citrato. 
The complex was further characterized by infrared spectros­
copy.
M*
Fig. 15. The [MoO(CK ) ^ C^H^OJ2' ion.2 2 o o /
The peroxo-citrato-vanadium (V) complex has quite different
21structural features.
2.2.c .2. Monomeric monoperoxo complexes
42Weiss, et.al., prepared a tetrafluoro complex of
the formula K2[Mo0(02)F4]-H20. (Fig. 16) The spatial
geometry of the anion is very similar to that found by
27Larking and Stomberg i n  the ammonium complex
(NH4) [MoO(02F4JF, although the lattice structure is dif­
39
ferent due to the packing of the cations. The anion is 
pentagonal bipyramidal in which 3 fluorides and the peroxy 
ligand comprise the equatorial plane. The molybdenum is 
displaced toward the doubly bonded oxygen at one apex with 
fluoride occupying the
2.01S I
J Fi
Ha
O
H 0 
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Fig. 16. The [MoO(C>2) F4]2" ion.
opposite apex. Within the limits of experimental error, the
anionic bond lengths and angles are in reasonable agreement
in the two complexes. Stomberg employed the preparatory
. 4 3 4 4
method of Piccini ' to obtain the ammonium salt.
45Guerchais, et.al., prepared a peroxo complex 
including the tridentate ligand pyridine-2,6-dicarboxylate 
(dipic): [MoO(02)(dipic)]-H20. A pentagonal bipyramidal
7
structure analogous to the vanadium complex 
NH4[V0(02)(dipic)H20]1.3H20 was postulated, such that 
dipicolinato and peroxo define the pentagonal plane. Corres-
40
4- 6ponding with members of Guerchais' group, Edwards, et.al., 
tested the lability of the water molecule located trans to 
the terminal oxygen and successfully substituted fluoride or 
chloride ion in that position. Orthorhombic crystals of the 
NH4 [MoO(02)(dipic)F] were isolated and studied by x-ray 
diffraction (Fig. 17), confirming the location of
a 0(3) 0(1)
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Fig. 17. NH4 [MoO(02)(dipic)F]; Fig. 18. [MoO(02)Cl(pic)]HMPT
substitution. These crystals precipitated from aqueous
peroxidic ammonium molybdate solutions in which the pH was
adjusted with concentrated sulfuric acid.
By dissolving molybdenum trioxide in 3 0% hydrogen
37peroxide and then adding the ligand, Mares, et.al., 
increased the yield of dipicolinato complex and avoided the 
use of sulfuric acid. Monoclinic crystals of 
[MoO(02)(dipic)]-H20 were obtained. The heptacoordinate 
configuration about molybdenum corresponds to the fluoride 
analogue. The neutral complex was further characterized by
41
1 13IR and H NMR, C NMR, conduct lmetry measurements and
alkalimetric titrations which indicated that the structure
maintains its integrity in nonaqueous solvents.
Continuing the examination of olefin epoxidation,
47(Sec. 2.3) Mimoun, et.al., prepared two types of
monoperoxo complexes containing chloride: type I,
MoO(02C12L2, L=DMF,HMPT; type II, [MoO(02)Cl(0-N)]HMPT, 0-
N=picolinato (pic), 8-hydroxyquinolate,
HMPT=hexamethylphosphorictriamide. The x-ray structure of
[MoO(02)Cl(pic)]HMPT revealed chloride coordinated
equatorially, adjacent to the carboxylato oxygen and the
peroxo group. (Fig. 18) The aromatic nitrogen is also
contained in the plane instead of at the apex as in
H+ [MoO(02)2pic]2pic-H20 .37 With HMPT coordinated at the
apex, trans to the terminal oxygen, the monoperoxo complex
bears some remarkable similarities to the vanadium complex
14VO(02)pic(H20)2 . By substituting water molecules for
chloride and HMPT, we find precisely the same type of coor­
dination in both complexes, with the heteroligands Cl and 
H20 , respectively, occupying equatorial sites.
2.2.c .3. Novel porphyrin and bridged structures
In an attempt to generate a dioxygen complex of a
42
48molybdenum porphyrin, Weiss, et.al., isolated trans-
diperoxo tetraparatolylporphyrin (TPP) molybdenum (VI):
1Mo(C>2)2TPP. A sharp H NMR indicated that the complex was
diamagnetic. Three broad UV absorptions in dichloromethane
3 3were observed at 616nm(£. =20x10 ), 576nm(£ =11x10 ) and
4444nm(£=25x10 ). Intense infrared absorptions at 964 and 685
-1 , , -i .
cm appeared, replacing the Mo=0 absorption at 900 cm in
-1the original complex. The absorption at 9 64 cm is
extremely high for a peroxy frequency. This must be due to
the rare octacoordinate geometry. The trans peroxo groups
Fig. 19. Mo(02)2TPP
are eclipsed with the four* coplanar nitrogens but are stag­
gered with respect to each other. Mo-N bonds are 2.096 k ,  
and Mo-0 bond lengths are 1.958 k . The 0-0 distance is 1.399
43
k . The complex exhibits S4 symmetry.
49Griffith and Skapski, et.al., prepared and charac­
terized a complex which proved to have an unusual structure 
in which two MoO(C>2)2 centres are bridged by a tetradentate 
tartrate ligand: K4 [Mo202 (C>2) (C4H2C>6) ] 0. 5H20-3H20 . (Fig.
2 0) Yellow, orthorhombic crystals formed after methanol- 
water recrystallization of the precipitate obtained from an
,MoMo
Fig. 20. The [Mo202(02)4(C4H2Os)]4 ion.
aqueous peroxide solution of potassium tetramolybdate and 
(+)-tartaric acid. The pH of the original solution was
adjusted to 4.0 using dilute HCl. The complex was charac-
13 95tenzed by x-ray diffraction, IR, Raman, C NMR, and Mo
NMR spectroscopy. As in the diperoxy-citrato-molybdenum (VI)
complex, the hydroxy groups are deprotonated, occupying the
fifth sites in the peroxo ligand pentagonal planes. The
carboxylato groups are coordinated at the apices. Dep­
44
rotonation of coordinated hydroxy groups is related to the
strength of the Mo-0 bond, which is greater for equatorially
coordinated ligands than for apically coordinated ligands.
Increased bonding strength is reflected in shorter bond
distances. Closer proximity to the peroxy ligands may also
facilitate deprotonation. The hydroxy proton is retained in
39diperoxy-(S)-N,N-dimethyllactamide-molybdenum (VI), an
95example of an apically coordinated hydroxy group. Mo NMR, 
a sensitive measure for detection of ligand dissociation in 
solution, indicated that the complex is stable in solution. 
Furthermore, attempts to epoxidize alkenes with this complex 
were unsuccessful, suggesting the absence of labile ligand 
coordination.
Employing a novel synthetic procedure in organic
50media under an inert atmosphere, Shum prepared a doubly 
bridged propylene glycol molybdenum (VI) peroxo dimer 
[Mo0(02)(C3H602)(CH3OH)]2-2CH3OH. (Fig. 21) Together with
Fig. 21. [MoO(Q2)(C3H602)(CH3OH)]2-2CH3OH
45
the peroxy ligands, the glycol oxygens form two pentagonal 
planes sharing an edge. All four glycol oxygens are dep- 
rotonated, further illustrating this interesting bonding 
effect upon equatorially coordinated hydroxy groups. Alter­
natively, the glycolate oxygens may be viewed as creating 
two five-membered chelate rings with the terminal, bridging 
oxygens, defining a nearly symmetric rhombus with the molyb­
denum atoms. The center of the rhombus is a crystallographic 
inversion center. One methanol group occupies each apex, 
trans to the terminal oxygens. The other two methanol groups 
are hydrogen bonded via their hydroxyl hydrogens to the C2 
oxygen of each glycol ligand. Two structural features of 
this complex warrant comparison with the vanadium citrato 
k 2 [VO(°2)citrato]2-2H20 and malato M1 [VO(02)malato]2~2H20 
complexes: 1) the nearly symmetric rhombus created by the
double oxo bridging of the metal centers, 2) the dep­
rotonation of equatorial hydroxy groups.
2.3. Reactivity and Catalysis of Vanadium (V) and Molybdenum
(VI) Peroxo-Heteroligand Complexes
2.3.a . Ligand Association and Exchange
The coordination sphere and structural properties of
46
peroxo complexes in solution varies by differing degrees
from that found in the solid state due to solvolytic
displacement, aggregation equilibria, and specific solvent 
51interactions. Since the reactivity of a particular complex
is a function of its properties in solution, efforts to
elucidate the solution structures of these has been
attempted, mainly through indirect kinetic and spectroscopic
evidence. Two systems in particular have received
considerable attention due to their broad industrial and
synthetic utility: the addition of H202 or t-BuC>2H to
51 52 53VO(acac)2 or MoC>2 (acac)2, ' ' and systems involving
MoO(02) (HMPT)#33'34'46
In vanadium catalyzed reactions involving t-Bu02H,
an alkoxo-peroxo vanadium complex formulated as VO(OR)2OOBu^
predominates, irrespective of solvent. The alkoxo is
provided by the solvent or by the reduction of 
51hydroperoxide. The formation equilibria may be written as:
2VO(acac)2 + t-Bu02H + 6R0H -**-2V0 (OR) + 4acacH + t-BuOH
VO(OR)3 + t-Bu02H-*»-V0(0R) 2OOBut + ROH
Addition of t-Bu02H causes one electron oxidation of
vanadium and the irreversible displacement of
51acetylacetonate. Facile ligand exchange occurs between the 
alkyl vanadate and the alkoxo-peroxo species, and the 
equilibrium of this reaction favors the alkyl vanadate. The 
system involving hydrogen peroxide is less well defined. The 
main equilibrium, especially in alcoholic solvents, seems to 
be between:51
47
V0(0R)200H-^V0(02)0R + ROH
Several pieces of evidence, in addition to the crystal
structure, favor the cyclic peroxo-metal species V0(02)0R in
preference to VO(OR)2OOH: circular dichroism studies, and
assessment of reaction products obtained form asymmetric
51epoxidations of prochiral sulfides.
In ethanolic molybdenum systems, addition of t-BuC>2H 
to Mo02 (acac)2 results in the displacement of only one 
acetylacetonato ligand at 25 C. However, the addition of 
hydrogen peroxide to ethanolic solutions of Mo02 (acac)2, 
Mo05HMPT, or Mo(CO)6 results in the formation of a single 
product, Mo(02)2 (ROH)n .
Under identical conditions, H2°2 kinds to Vo(OEt)3 
in EtOH 1000 times better than t-Bu2OH. In fact, the 
association constant of alkylhydroperoxide is sufficiently 
low that attempts to assess its magnitude by spectroscopy 
have failed. An explanation for this effect is not obvious a 
priori. Both ligands should exhibit similar nucleophilicity 
as evidenced by their association constants with carbonyl 
compounds and non-transition metals such as boron. The 
rationale arises from the ease with which peroxide can act 
as a bidentate ligand, giving rise to a cyclic metal- 
peroxidic species. While a linear arrangement is expected 
for complexation of alkylperoxide, the preference of the 
metal for bidentate coordination is evidenced by the crystal 
structure of [VO(OO-t-Bu) (C^N(COO) ]H20.15. The basis for 
this mode of coordination probably lies in the stabilizing
48
overlap of filled antibonding orbitals in peroxide with the
51empty d orbitals of the metal.
The high association constants for peroxide with
vanadium in the presence of heteroligands such as
dipicolinato (dipic) and nitrilotriacetate (NTA) have also
3 4been described. ' The rate laws formulated for these sys­
tems are not entirely in agreement, and are sufficiently 
complex, that they will not be discussed. However, some 
interesting conclusions pertaining to reactivity in aqueous 
media have been suggested. A dependence of the formation 
constants upon [H+ ] has led to the speculation that
increased rates of peroxo ligand association arise from
3protonation of the oxo-group, whether it is apically bound
4or bridging . Protonation of the oxo group will result in
increased electrophilicity of the metal. Wieghardt states
that at low [H+ ], HC>2 reacts with the protonated species at
a rate of k=108M ^s The calculation of large negative
entropies of activation indicate highly oriented transition 
3states. Particularly relevant to the effect of the 
heteroligand upon reactivity is Tanaka's assertion that 
increasing electron density of a nitrogen donor on the 
heteroligand results in increased nucleophilic character of 
coordinated peroxo groups by forcing electron density onto 
the oxo and peroxo groups.
Several other factors affect the reactivity of a 
particular species. Equatorial coordination of ligands 
indicates tight metal bonding which requires large excesses
49
of protic species to facilitate displacement. Coincident
with weak, apical bonding is the observation of facile
1ligand exchange at this position. For instance, H NMR and
51kinetic data reveal:
Mo0(02)2HMPT(CH30H)n « M o 0 ( 0 2) (CH3OH)n+1 + HMPT 
KdisS.[CH3OH]=5Xl0"3M
Increasing evidence suggests that a labile equatorial coor­
dination site is necessary in order for a complex to
14 15 38 51 52 53 demonstrate catalytic activity. ' ' ' ' '
Acid-base equilibria also influence the reactivity
of peroxo complexes, especially for diperoxo complexes.
Monoperoxovanadium (V) complexes are intermediate in acid
strength between methanesulfonic acid(pK <1) and acetica
acid. The diperoxo complex is a very strong acid, however,
51stronger even than methanesulfonic acid. Because of its 
anionic character, diperoxo species are less efficient 
oxidants and require the addition of strong acids to reac­
tion mixtures of oxidative processes to enhance reaction 
rates. Addition of the acid increases the amount of und­
issociated peroxo complex available.
An unexpected and unique property of these complexes
52is their ability to effect an oxygen exchange reaction.
Under conditions favoring the monoperoxo species, V0(02)0R, 
180 labeled hydrogen peroxide undergoes a 50% label loss in
50
10-20 h. at 25 C. in ethanolic-water solvent. The reaction
occurs more slowly with the molybdenum species Mo0 (02)2L2,
showing a 50% label loss after 100 H. at 40 C. This type of
exchange is difficult to achieve under noncatalyzed
conditions. The only known example occurs in a peroxidic
52solution of fluorosulfonic acid. DiFuna and Modena sug-
. . . 52gest two alternative simplified mechanisms, an external
pathway (Scheme 1) and an internal pathway (Scheme 2).
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Scheme 1. External oxygen exchange.
Scheme 2. Internal oxygen exchange.
Although scheme 2 is unprecendented and difficult to
envisage, the absence of labeled ethylhydroperoxide and its
decomposition products militates against the more intuit-
54ively pleasing scheme 1. Earlier work by Sharpless
18indicated that O labeled oxo ligand in the molybdenum
51
peroxide system was not included in epoxidation products, 
however, the exchange reaction is slow compared with the 
epoxidation reaction and would not have been observed. As in 
other reactions catalyzed by these complexes, experimental 
observations do not afford definititive conclusions regar­
ding the operant mechanism.
2.3.b . Mechanisms
The overall process of organic substrate oxidation
by peroxo-metal complexes consists of three fundamental
52steps involved in any catalytic oxidation: 1) formation of
the peroxometal oxidant,
MO(OR)n + H202 -«-M0(02)(0R)n_1 + ROH + H
2) association of the substrate and oxygen transfer,
M0(02) (0R)n-1 + S ^ -M02 (0R)n_1 + SO
3) regeneration of the catalyst,
M02 <0R >n-l + H2°2 ~  M0 (02)(0R)n-l + H2°-
Because of the nature of the peroxo-oxygen transfer, most 
reactions exemplity stoichiometric catalysis, requiring the 
addition of hydrogen peroxide or alkyl peroxide to 
regenerate the catalyst. Details concerning the oxygen 
transfer process are difficult to establish because kinetics 
does not provide insight to very fast rearrangements within 
an activated complex.
Several generalizations emerge from recent inves­
tigations. The nature and identity of the catalyst, the
52
substrate, and the solvent are interactive and dynamic.
Observations upon a particular system may not apply to a
14 51 52 .seemingly analogous system. ' ' A significant difference
in bonding strength exists between equatorial and apical
coordination, and the lack of an equatorial site has been
suggested to explain the absence of catalytic activity in
14 51 . . .some species. ' While substrate proximity to peroxide is
requisite to oxidation, this might be achieved by initial
coordination at an apical site followed by pseudo-rotation
51to an equatorial, reactive position. Again, the difficulty
of assessing rapid intra-complex rearrangements within an
activated complex becomes apparent.
The heteroligand plays an uncertain role in the
reactivity of a catalytic species. Heteroligand "fine-
10 12tuning" of the ligand sphere certainly occurs, ' creating 
differences in the reactivity of the peroxo moiety. Further­
more, the heteroligand may interact with the substrate, as
shown by the ability of a chiral ligand to induce asymmetric 
39epoxidation. Finally, the peroxo oxygen exchange studies
52by DiFuna and Modena underscore the necessity to view the
ligand sphere and its donor adducts as a dynamic entity
rather than a rigid structure.
Three mechanistic pathways for oxygen transfer have
been proposed. Two of these alternatives, the
"electrophilic" and the "cyclic" mechanisms, have dominated
the literature for years and have been treated extensively
51 53 55in recent reviews. ' ' A third possibility involving
53
radical intermediates has been proposed to rationalize the 
hydroxylation of alkanes and aromatic hydrocarbons,14 and 
may have more extensive applicability. The mechanisms will 
be presented in a general context, with discussion concer­
ning application to a given system reserved for the discus­
sion of specific reactions.
The "electrophilic" hypothesis follows classical
51 55organic peroxide chemistry. ' By withdrawing electron 
density, the metal induces electrophilic character upon a
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Scheme 3. Electrophilic mechanism of oxidation.
peroxo oxygen. The nucleophilic substrate attacks this 
center, and the remaining oxygen, stabilized by the metal, 
acts as a good leaving group thereby facilitating the bond 
breaking process.(Scheme 3)
51The "cyclic1 hypothesis (Scheme 4) derives from
51 53 55mechanistic inorganic chemistry. ' ’ The substrate
coordinates to the metal, followed by opening of the metal-
54
peroxo ligand moiety to form a four or five membered cyclic 
intermediate. In this formulation, an intermediate of common 
form decomposes to specific products as determined by the 
nature of the reactants, the metal, the heteroligand, and 
the solvent.
M M 1
. tNo
c=c
A M -0 C — C
Scheme 4. Cyclic mechanism of oxidation.
A "radical" mechanism is proposed to explain kinetic
56observations compatible with bimolecular oxygen transfer
and the unexpected hydroxylation of aromatic hydrocarbons 
14and alkanes. The reacting metal species is proposed to be 
a metal oxide(a) or diradical(b) derived from the 
intramolecular rearrangement of the hydroxohydroperoxide(c),
H
'0
/
-H
(a) (b) (c) (d)
Fig. 22. Radical intermediates in oxidation.
(a. vanadyl oxide, b. diradical, c. hydroxyhydroperoxide,)
d . oxohydroperoxide)
55
which corresponds to the x-ray structure of VO (C>2) pic (H20) ,
or the oxohydroperoxide(d), whose configuration has been
deduced from the properties of the picolinato complex in
solution.(Fig. 22) Subsequent steps involve carbon radical
intermediates in epoxidations and hydroxylations of alkanes.
A homolytic addition process is formulated for the hyd-
14roxylation of aromatic hydrocarbons. (Scheme 5)
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Scheme 5. Radical mechanism of oxidation.
2.3.c. Epoxidation of Alkenes
Due to industrial applications and synthetic 
utility, the epoxidation reactions are the best charac-
56
terized of the peroxo-metal oxidation reactions. Depending 
upon the specific catalyst, the method of investigation, and
the workers involved, electrophilic,45'51'54'55'59
15 33 47 50 51 53 54 . 14 56cyclic, ' ' ' ' ' ' and radical ' mechanisms have
been postulated. The presence of basic ligands on the metal 
stabilizes the peroxo complex, thereby reducing its reac­
tivity. This also prevents consecutive oxidation of the 
14epoxide. Polar, nonprotic solvents favor epoxidation,
while water, alcohols, and basic solvents are strong
13 14 . .inhibitors. ' Olefin reactivity increases with nuc-
leophilicity: trisubstituted > disubstituted >
14monosubstituted.
Most peroxo complexes of molybdenum (VI) and 
vanadium (V) demonstrate some catalytic activity, but a few 
specific complexes warrant comment. VO(00R)(R*-OPhSAL-R"), 
R=t-Bu, CMe2Ph complexes exhibit high stereoselectivity. In 
contrast, the VO(00R)(dipic)L complex is completely inac­
tive. Mimoun suggests that this difference arises from the 
respective coordination-bond strengths of the O-(t-Bu)
oxygen, which is supposedly weak and therefore labile in the
15 . .salicylideneammato complex. Similarly, MoO(02)Cl(pic) is
inactive, but V0(02)(pic)L (L=H20, MeOH, HMPT) is a very
effective oxidant, although it is completely non-
stereoselective. Nonstereoselectivity is attributed to an
14 . .operant radical mechanism, Inactivity supposedly arises 
from the absence of a vacant equatorial coordination site.
Early studies utilizing Mo0(02)2L, (L=HMPT, HMPA,
57
pyridine) revealed stoichiometric, diastereospecific
epoxidation of activated olefins such as styrenes, allyl
38 57 59alcohols, ketones, and quinones. ' ' Recent incor­
poration of the chiral heteroligand (S)-N,N-
dimethyllactamide in the complex MoO(C>2) 2 (S)-MeCH(OH) CONMe2
39 . . .  . .enabled the asymmetric epoxidation of unfunctionalized
olefins. The capacity to effect enantiofacial discrimination 
in prochiral substrates illustrates the potential utility of 
this compound as a biological model.
142.3.d. Hydroxylation of Aromatic Hydrocarbons and Alkanes
A 55% yield of phenol resulted from the reaction of 
benzene with VO(02)(pic)(H20)2 in acetonitrile at 20 C. 
after only two hours. Under identical conditions, using 
toluene as the substrate, ortho, meta, and para-cresols in 
48:20:32 ratios were obtained, respectively. After only 15 
minutes, 1,3,5-trimethylbenzene reacted to give a 31% yield 
of 2,4,6-trimethylphenol. Varying the oxidant and the sol­
vent resulted in similar products with yields ranging from 
3-60%. Alkanes were less reactive, providing less than 2 0%
4
yields with the coproduction of some ketone. Hydroxylation 
of alkanes occurs preferentially at tertiary positions.
58
582.3.e Oxidation of Cyclic Ketones to Lactones
Employing oxoperoxo-dipicolinato-molybdenum (VI) and 
oxodiperoxo-picolinato-molybdenum (VI), cyclic ketones were 
converted to lactones in up to 82% yields. Reactions were 
carried out in acetonitrile to which aqueous peroxide in 
acetonitrile was added. When the reactions were attempted in 
methanol, rapid solvolysis to hydroxyalkanoic acids 
occurred. A metallocyclic intermediate was hypothesized. 
This reaction represents a catalytic analogue of the Baeyer- 
Villiger oxidation.
2.3.f. Oxidation of Phenacetin and Trimethylsilylated Amides
to Hydroxamic Acids.59'60
Organic syntheses of hydroxamic acids (R-(C=0)NHOH)
from amides are difficult and suffer from poor yields,
unstable products and undesirable by-products. Reasoning
that utilization of Mo0(02)2L, (L=DMF, HMPA) might allow
limited, specific oxidation, workers tested several
trimethylsilylated aliphatic amides and anilides for reac-
59tivity with this reagent. Hydroxamic acids were formed 
upon complexation of the ligands to the metal in chloroform 
or dichloromethane. (Scheme 6.) Treatment with warm EDTA at 
pH=9 liberated the desired product from the metal. 
Separation was achieved by continuous extraction with
59
chloroform or dichloromethane. Recoveries of 90-100% of the 
product formed were accomplished. Anilides gave 4 0-50%
Scheme 6. Hydroxamic acid formation.
product yields, although most aliphatic amides yielded less 
than 16% product.
This method of synthesis, with some modifications in 
the approach of trimethylsilylation, found immediate re­
search utility. Phenacetin and acetaminophen are widely used 
analgesics and antipyretics. The liver produces phenacetin 
endogenously, with metabolic deethylation to acetaminophen.
0
Fig. 24. {Phenacetin, R=OC2H5 ; Acetaminophen, R=OH;
Acetanilide, R=H}
Several toxic pathways may result from further metabolism of 
phenacetin to hydroxamic acids and their derivatives, which 
have been proposed to be nephrotoxic, resulting in renal
60
failure. Complexation of N-hydroxylphenacetin or N-
hydroxylacetaminophen with the cis-dioxo molybdenum moiety
provides a useful synthetic method, which has the added
advantage of allowing indefinite storage and ready
availability of these hydroxamic acids for research 
6 0purposes. Crystal structures of Mo02L2, L=n-
hydroxylphenacetin, n-hydroxylacetanalide have been 
obtained. These constitute evidence of a metallocyclic 
transition state in the oxidation step.
2.3.g. Oxidation of Secondary Alcohols to Ketones, Primary
Alcohols to Esters, and Aldehydes to Acids or 
Esters61
Organic solutions of benzyltrimethylammonium 
tetrabromooxomolybdate and t-Bu02H convert secondary 
alcohols to ketones and primary alcohols to esters in high 
yields (37-100%). Olefin epoxidation is not observed in this 
system. Conversion of aldehydes to acids and esters was 
observed. A cyclic transition state was hypothesized.
2.3.f. More oxidations by MoO(02)2HMPA
6 21. Formation of lithium-n-butoxide from n-butvllithium.
Metal peroxy compounds oxidize n-butyllithium to
61
lithium-n-butoxide in the following order of reactivity:
Mo0(02)2HMPA, Cr0(02)2Py > (Ph3P)3PtC>2 , (Ph3P) 2Ir (CO) (0 ) I
18>> Na202« O labeling experiments confirmed the incor­
poration of peroxy oxygen into the butoxide.
6 3 642. Oxidation of organoboranes and Grianard reagents. '
Trialkyl boranes are oxidized and upon hydrolysis
6 3form alcohols in 73-78% yields. Hydroboration and sub­
sequent oxidation of 1-methylcyclohexene yields trans-
642methylcyclohexanol exclusively. The same product is
obtained using basic hydrogen peroxide. The absence of cis-
trans isomerization is suggested as evidence against a
radical intermediate.
Grignard reagents may also be oxidized to give
6 3alcohols upon hydrolysis in high yields.
653. Alpha-hvdroxylation of enolates.
Keto-enolates react with this peroxomolybdate in 
tetrahydrofuran to give alpha-hydroxycarbonyls in 34-81% 
yields. Ester and lactone enolates are oxidized in yields of 
56-85%.
3 62.3.i. Conversion of Malonate and Malate to Oxalate
Aqueous peroxo molybdate solutions of malonic acid 
(H02CCH2C02H) and malate (H02CC(OH)HCH2C02H) at pH=3 yield
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crystals of K2[MoO(02)2(C202)] in 3 0% yields. The next 
higher homologue, succinic acid (H02C(CH2)2C02H) is inactive 
in this system, presumably due to the formation of an 
unfavorable 7-membered cyclic intermediate. An analagous 
reaction does not occur in vanadium systems.
2.3.j. Selective Antitumor Toxicity of Peroxo-Heteroligand
Vanadates. ^
A series of 14 peroxovanadates were tested for 
antitumor activity against L1210 murine leukemia in mice. 
Four complexes - one without a heteroligand, two oxalato 
complexes, and a malato complex - showed increased life 
spans (ILS) > 2 5%, which is considered activity in this
system. Four more compounds showed activity > 2 0%, < 25%.
Strongly chelating ligands such as NTA and EDTA resulted in 
much larger than normal tolerances of vanadium by mice. 
Specific toxicity was hypothesized to arise from the produc­
tion of superoxide radicals from peroxo ligands with the 
consequent reduction of V(V) to V(IV).
2.3.k. Catalyzed Hydrolysis of Adenosine Triphosphate by
Peroxo Vanadates
The enzyme catalyzed hydrolysis of ATP (adenosine
63
triphosphate) to ADP (adenosine diphosphate) occurs in less 
than milliseconds, a dissociation which requires three
months to occur spontaneously. These rates vary by a factor
10 . 4 .of ca. 10 . ATP hydrolysis increases by a factor of 10 m
2+ g g
the presence of a coupled H2C>2, VO redox system. Hydrol­
ysis is not enhanced by either reagent acting alone, rather,
2+ . . .the oxidation of VO to V(V) is the critical, limiting
factor in rate enhancement.
In a subsequent study, the formation of a complex of
3+ 6VO with ATP was shown to result in a 10 fold enhancement
67in the rate of .hydrolysis.
2.3.12. Vanadium(V)Bromoperoxidase and Vanadium Nitrogenase
Bromoperoxidase isolated from the marine brown alga
68Ascophyllum nodusum contains vanadium in its active site. 
EPR evidence suggests that vanadium exists in its 5+ state. 
The brominating activity of this organism is thus coupled to 
the metabolic oxidation of peroxide through the function of 
this enzyme. This is one of the few reported, naturally 
occurring enzymes containing vanadium in its active site.
The obligate aerobic bacterium Azotobacter vinelan- 
dii normally possesses two systems for nitrogen fixation, 
the second of which operates under conditions of low molyb­
denum concentration. By deleting the structural genes for 
conventional nitrogenase in a strain of Azotobacter
64
69chroococcum, Miller, et.al., demonstrated that nitrogen 
fixation depended upon a vanadoprotein referred to as 
vanadium nitrogenase.
2.4 Metal complexes of Nicotinic Acid
2.4.a . Metal complexes
Despite the limited number of solid state structures 
which have been obtained, x-ray crystallography reveals 
nicotinic acid coordination to chromium or copper by vir­
tually every mode available to it. Coordination via
72 75 7 3nitrogen, ' oxygen, symmetric binuclear carboxylato
bridging,74 and binuclear bridging via carboxylato and 
8 3nitrogen all occur. The first three of these have been
76—8 0proposed to occur in soluion as well. Chelation of
carboxylate and nitrogen to a single nucleus is precluded by
the "bite size" that would be required for such 
73coordination.
A series of complexes with the formulas
M11 (Nic) 2 (H^O) 4 — (M=Co, Ni, Mn, Cr) , [CrIl:C(Nic)2 (H20)4] + ,
and [Cr111(Nic)(H20)5]2+ were prepared and characterized by
x-ray powder photography, magnetic susceptibility, mic-
72roanalysis, infra-red, and UV-Vis spectroscopy. An x-ray
65
structure obtained for Cr11(Nic)2 (H20)4 confirmed an 
octahedral structure with trans- coordination of nicotinate 
ligands via
[CI3I
[out
[C (5) (C(21
lCI6)
£11)
10(21
OR)
[0(3)
Fig. 25. CrI;r(Nic)2 (H20)4
nitrogen. (Fig. 25) X-ray powder diffraction patterns of the 
Cr and Co analogues were virtually identical. The Ni and Mn 
patterns closely resembled these, and the infra-red spectra 
of all four analogues bore marked similarities, indicating 
isomorphous structures for this series. Trans- coordination 
via carboxylato was indicated for the Cr111 complexes. A
bioassay designed to assess GTF-like activity suggested that
III . + . . .only the 0-bound Cr (Nic)2 (H204 complex has biomimetic
72properties. The nitrogen coordinated structure of
66
trans-bis(methylnicotinate)aquatrichlorochromium111 75 is
analagous to that which was illustrated for
Cr11(Nic)2 (H20)4 . 72
Legg, et.al., developed a deuteron NMR method of
identifying ligation mode in nicotinic acid complexes in
78 87which the nicotinic acid has been deuterated at C-2. '
(See sec. 2.4.b.). This evidence, supported by IR and UV
spectra, confirmed the isolation of nitrogen coordinated
III 79cis- and trans- H[Cr (malonate)2 (Nic)2 .
ea M0
0 4 '.
0 301
H4
Wt02
or
ea
Fig. 26. The [Cr111(NicH) (NH3) ]3 ion.
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Several carboxylato coordinated complexes with
73chromium III were obtained by Goff, et.al. and charac-
1t e n  zed by elemental analysis, UV-Vis, IR, and H NMR:
[Cr(Nic)(NH3)5](C104)2, cis-[Cr(Nic)2 (NH3)4]Cl04,
cis-[Cr(Nic)2 (NH3)4]Br, trans-[Cr(Nic)2 (NH3)4]C104 and
cis-[Cr(NicH)2 (NH3)4J(C104)3. The molecular structure deter-
IIImmation of [Cr (NicH) 2 (NH3) 4] (C104) 3 confirmed trans-,
73carboxylato coordination for this octahedral complex. 
(Fig. 26)
A very interesting trinuclear chromium III complex
precipitated from an aqueous solution of nicotinic acid and
chromic perchlorate hexahydrate,74
Na[Cr.O(NicH)(Ho0)0](CIO.) -NicH-6H_0. Three chromium atoms 
j b 2, j 4 o 2
7+ .surround a central oxygen in the [CnO(NicH) ^  (H_0) 01 ion.
J b 2 J
(Fig. 27) Two symmetrically coordinated carboxylato groups 
bridge pairs of chromium atoms, creating six distorted six- 
membered rings, each of which involves the central oxygen, 
two chromium atoms and the three carboxylato atoms of each 
ligand. Note that the nitrogens are protonated and each
ligand is considered electronically neutral. Bidentate
coordination of carboxylato and retention of an sp2 hyb­
ridized carbon indicates a bond order of 1.5 for each
carbon-oxygen bond.
The kinetics and solution characteristics of
chromium III nicotinate species with Schiff base adducts
such as N,N1-ethylenebis(salicylidenaminato) have been 
7 6 77studied. ' UV spectra at pH=6.5 indicate nitrogen coor­
68
dination in solution, however, infrared spectra indicate
carboxylato coordination for the precipitate obtained from 
77this mixture. Subsequent solution studies conclude that
0(2)
0(4)
0(3)
om
CU)
as
04)
03)
Fig. 27. The [Cro0(NicH).(H.O).]7+ ion.
J o Z J
the ligand complement may determine solution stability and
78 80the mode of nicotinate coordination. ' Deuteron NMR data
substantiated several earlier suppositions regarding
ligation mode in solution and revealed oxygen coordination
in trans-[Cr111(1,3propanediamine)2 (Nic)2]+ at physiological 
7 8pH. This anion precipitates as the complex
trans[Cr(1,3-pn)2(Nic)2]C1-4H2). Kinetically inert species
of the formula CrIII(H_0)/C {(Nic) n)+ ) with n=l-3 were2 6-n n
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8 0isolated from aqueous solutions of pH=3-5. Coordination
through carboxylate was suggested for these. A symmetric,
4+carboxylato bridged dimer u-OH[Cr2 (Nic)(H20)g] was
8 0isolated and characterized in solution. The similarity of
this species with the trinuclear complex reported by
74 . .Gonzalez-Vergara is intriguing.
Nicotinic acid complexes of molybdenum (V)
OK O A
[Mo02Nic]-2H20 and vanadium (IV) [VO(Nic)2H20]H20 were
synthesized during the course of a study on thermogravimet-
ric and magnetic susceptibility properties of pyridine
carboxylic acid complexes. These complexes were poorly
characterized, however.
Less work with late- and post-transition metal
complexes has been undertaken. Cobalt III complexes of
nicotinic acid and its derivatives have been characterized
8 2by IR, UV, and NMR spectroscopy. The nicotinate complexes
exhibit octahedral cis- and trans- isomerism with oxygen
coordination: trans-[Co(NH3) (NicH) ] (C1C>4) 3,
cis-[Co(NH3)4 (Nic)2]Cl, cis- and
trans-[Co(en)2 (NicH)2](C104)3.
A copper I complex illustrates bridging via nitrogen 
8 3and carboxylato. Bis(triphenylphosphine)dinicotinate
copper (I), Cu1 (Nic)(TPP) was precipitated from a methylene 
chloride solution of tetrahydroborate-bis(TPP)copper1 and 
nicotinate. The x-ray structure reveals a polymeric struc­
ture in which each copper is bound to a carboxylate oxygen 
of a bridging nicotinate and a pyridine nitrogen of a
70
nicotinate bridged to a third copper nucleus, as well as to 
two TPP ligands. (Fig. 28)
Cu
01 .or
N"
Fig. 28. Cu1 (Nic)(TPP)
2.4.b. Physical properties - Techniques of Characterization 
1
The H nuclear magnetic resonance spectra of
substituted pyridines were well characterized by Zanger and 
8 6Simons, who have developed additivity constants for cal­
culating chemical shifts. In accordance with tabulated data, 
the nicotinic acid proton signals should appear at the 
following frequencies (values in ppm, solvent DMSO-d^): 
HC2=9.10, HC4=8.28, HC5=7.51, HC6=8.78, where subscripts
denote the ring position.
Legg describes two NMR methods for the determination 
78 82 87of coordination mode. ' ' With respect to the first
71
method, Legg notes that acidification of a solution
containing nicotinic acid causes perturbation of the
aromatic system upon protonation of nitrogen due to the
82removal of electron density. This results in an overlap of
the HC4 and Hcg NMR signals. When nicotinic acid is 0-
coordinated, the signals overlap at low pD, but are split as 
8 2pD is raised. If nicotinic acid is nitrogen coordinated, 
the two signals will always overlap. A problem inherent in 
this method is that ligand dissociation may occur as pD is 
varied.
Legg has developed a second method utilizing
deuteron NMR which, although more difficult, offers
78 87conclusive evidence concerning the coordination mode. ' 
Deuteron NMR spectra of nicotinic acid complexes in which 
nicotinate has been deuterated at the 2-carbon show a 
dramatic shift to ca. -7 0 ppm if the nicotinate is coor­
dinated via nitrogen. Oxygen coordinated complexes exhibit a
7 8less dramatic shift to ca. +9.1 ppm.
Five characteristic regions of infra-red absorption
for carboxylic acids have been identified which appear in an
-1intensity ratio of roughly 1:5:2:3:1, : near 2500-2700 cm ,
-1 -1 -1 near 1700 cm , near 1420 cm , near 1250 cm , and near 900
-1 84 . . . . . .cm . Nujol mull spectra of nicotinic acid exhibit
. . -1 -1 -1absorption maxima at 2490 cm , 1700+5 cm , 1420 cm , 1322
-1 -1cm , and 13 00 cm . The, major carboxylate bands m  the
-1 -1 73sodium salt appear at 1620 cm and 1418 cm . Monoden-
tate carboxyl coordination usually results in a shift to
72
—  1 -higher frequency of the near 1600 cm asym. (CC>2 )
absorption and a shift to a lower frequency of the near 142 0
_i   73 89
cm sym.(C02 ) absorption. ' A recent review correlating
carboxylato stretching modes with coordination mode
reiterates this empirical observation, but cautions against
90 82overinterpretation of infra-red spectral data. Legg 
suggests a method of ligation mode determination via infra­
red which may be employed with complexes that are relatively
net charge: 0
pH = 0.26 pH = 3.65
(90%)
pH = 5.77
Xmax = 260 -  262 nm
€ = 5.81 x I05 L mor'cm’1 € = 5.45 x IOsLmor'cm"' € - 3.71 x |0JL mof'cm'1
Fig. 29. Variations in molar absorptivity with pH
in Nicotinic Acid.
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stable in solution. If a carboxylate group can be titrated
with D20, the asymmetric (CC>2 ) frequency will shift from
-1 -1ca. 1700 cm to ca. 1600 cm with increasing pD. Obser­
vation of this shift will confirm coordination via nitrogen.
Invariance in the carbonyl stretching frequency indicates
8 2oxygen coordination.
The electronic spectra of pyridine monocarboxylic
91acids have been investigated extensively and the charac­
teristics of nicotinic acid in solution were reviewed in
8 0conjunction with a more recent study. The absorption
80 91maxima of interest occurs at 2 60-2 62 nm. ' (Another
absorption maxima at 2 08 nm is less useful). Increasing pH
decreases the molar absorptivity at ca. 2 60 nm. Below
3 -1 -1pH=0.26, the cation predominates, 6=5.81x10 L mole cm ;
3at pH=3.65, the zwittenon predominates, 6=5.45x10 L
-1 - 1  . . .  mole cm ; at pH=5.77, the anionic species comprises 90% of
the total, 6 =3.71xl03 L mole 1cm 1. 80 (Fig. 29) The
spectrum of nicotinate resembles that of pyridine more
91 ,closely than that of benzene. This suggests that the v  -
r f  * transition arises mainly from the contribution of
resonance form (a). (Fig. 30)
(a) (b)
Fig. 30. 11-'ft * Transitions in Nicotinic Acid.
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The red shift of 6 nm with respect to pyridine indicates
that form (b) has some significance in this transition, 
91however. In regard to this Gould and Taube have shown that
electron transfer through nitrogen in a carboxylato-nitrogen
bridged cobalt III-chromium II nicotinic acid system does 
81not occur.
2.5 Metal Complexes of Cysteine
2.5.a . Metal complexes
Kay and Mitchell isolated one of the first
molybdenum(V)- cysteine complexes,
92Na2{Mo204 (Cys)2(H20)2}-3H20. In the course of product 
formation, Mo(VI) was reduced to Mo(V). Strong infrared
-1 -i
absorption bands at 955 cm and 73 5 indicated the
presence of Mo=0 and di-u-oxo bridging groups, respectively.
Coordination through the thiolate and amino groups was
suggested by the disappearance of the S-H stretching band at 
-1
2,500 cm and by the appearance of a strong N-H absorption 
-1at 3,110 cm , corresponding to the coordinated NH2 group.
Absorption bands for uncoordinated NH2 groups and for NH^"1"
-1groups m  free ligands were noted to appear at 3,300 cm 
-1and 3,000 cm , respectively. The antisymmetric carboxylate
75
—  i
stretch for the complex was observed at 159 0 cm and was 
presumed by Kay and Mitchell to indicate an ionized, but 
uncoordinated carboxylate group.
93 94The crystal structure of this complex ' proved
92the basic structural features claimed by Kay and Mitchell, 
however, x-ray analysis also revealed carboxylate coor­
dination. (Fig. 31) Two distorted octahedra, formed by the 
two tridentate cysteine ligands, two cis terminal oxo 
ligands, and two bridging oxygens, share an edge defined by
for
M* 129
Fig. 31. The Mo204 (Cys)22 ion.
94the bridging oxygens. The weakly coordinated carboxylate 
groups are located trans to the terminal oxygens. An 
examination of bond distances and consequent bonding effects 
upon Mo-0 bonds located trans to nitrogen and sulfur 
revealed that sulfur forms the strongest bond to molybdenum 
of the three cysteine donor atoms. The geometry about molyb­
denum is actually heptacoordinate due to a direct Mo-Mo bond 
(2.569 &) . The di-u-oxo, Mo-Mo system permits spin coupling
76
94and accounts for the diamagnetism of the compound.
Cysteine methyl ester and ethyl ester complexes with
molybdenum were studied by infra-red, UV-vis, and chemical
methods, and compared with the complex of Kay and 
95Mitchell. Both 1:1 and 2:1 complexes of cysteine with 
Mo(V) and Mo(VI) were found. One ester complex analagous to 
Kay and Mitchell's complex was formulated, but Melby pos­
tulated chelation through sulfur and nitrogen only in a cis- 
dioxo Mo(VI) complex and in an oxo bridged complex, claiming
the support of x-ray analysis for at least the cis-dioxo
95Mo(VI) formulation. One of Melby's most important
contributions to the study of heteroligand complexes of
molybdenum was his discussion of various Mo-0 infra-red
absorption bands.
A series of Mo(V) complexes with cysteine and ethyl-
2+cystemate m  which di-u-oxo (Mo204 ) , u-oxo-u-sulf ldo
2+ . . 2+(Mo203S ), and di-u-sulfido (Mo202S2 ) groups comprised
the metal centers were prepared and characterized by infra­
red and electronic absorption spectroscopy, and by cyclic 
106voltammetry. Schultz purported the structures of these 
complexes as analogous to the Kay and Mitchell complex, 
which had already received extensive attention as a model 
for nitrogenase. Characteristic absorptions were identified 
as the bridging system was modified, clarifying the 
assignments of Mo-0 and Mo-S frequencies. Cysteine complexes 
underwent reduction in a reversible, single step, four- 
electron transfer, resulting in Mo(III) dimers. The ease of
77
reduction and reversibility of the M o ^iMo111 couple 
increased with subsequent substitutions of sulfur for oxygen 
in the bridged system. An opposite trend was observed for 
ethylcysteinate complexes for which reduction of Mo(V) 
proceeded by successive one-electron transfer to yield 
Mo(IV) dimers. Differences in electrochemical characteris­
tics were attributed to increased lability of MoIII-S bonds 
and to substantial electron delocalization by sulfur in the 
Mo(IV) complexes.106
It is important to note that S-methyl-L-cysteine 
does not form stable complexes with Mo(V), emphasizing that 
thiolate and not thioether groups are required for stable 
complex formation.24
Recent work on complexes prepared by the methods of 
Kay and Mitchell, Melby, and Schultz, illustrated the supe­
riority of Raman and resonance Raman spectroscopy over
infra-red spectroscopy in the detection of metal-metal and
97metal-sulfur bonds.
Basing their peptide model on EXAFS studies of
nitrogenase, xanthine oxidase, and sulphite oxidase, Garner,
et.al., synthesized two cysteinyl peptides and prepared
96molybdenum(V) complexes with them. Complexes with only one 
of these peptides were well characterized. EXAFS data for 
molybdo-enzymes are compatible with the coordination of 2 
cysteinyl sulfur groups to molybdenum in each of the 
enzymes: in nitrogenase, the rest of the coordination sphere 
appears to comprised of an iron-sulphur cluster; in
78
desulpho-xanthine oxidase and sulphite oxidase, two oxo
groups and two nitrogen (or oxygen atoms) complete the
96coordination sphere. The infrared spectra of two of 
Garner's compounds were consistent with thiolate, amino, and 
carboxylate coordination of the cysteinyl peptide, and 
indicated the presence of one Mo=0 bond. The ESR charac­
teristics of these compounds bore remarkable similarities to 
the characteristics found for nitrate reductase. Although 
Et^NNO^ did not oxidize these complexes, a catalyzed reduc­
tion of nitrate to nitrite occurred in the presence of 
excess NaBH^. This suggested that the reduction of the 
central metal to molybdenum(IV) was prerequisite to
oxidation by nitrate, which is compatible with evidence on
96the operant mechanism m  nitrate reductase.
An entirely different type of molybdenum-cysteine
complex was prepared with pi-cyclopentadienyl heteroligands.
X-Ray crystallographic analysis revealed sulfur and nitrogen
coordinated cysteine to molybdenum(IV) in hydrogendi(bis-H-
cyclopentadienyl)- L-cysteinatomolybdenum(IV) chloride and
in hydrogendi (bis-ll -cyclopentadienyl)- L-
9 8cysteinatomolybdenum(IV) hexafluorophosphate. The car­
boxylate groups form hydrogen bonded dimers typical of 
carboxylic acids. The molybdenum atom is positioned at a 
perpendicular distance of 1.92-2.00 & from the pi-
cyclopentadienyl rings, with the angle formed between the
o 9 8normals to the Tf-rings being 130.9-133.9.
The biochemical role of vanadium is poorly
79
understood, and interest in combinations of vanadium with
various heteroatoms prompted some studies with L-cysteine.
105Oxovanadium(IV) complexes of cysteine V0(Cys)2, and its
104methyl ester VO(MeCys)2, were characterized by infra-red,
raman, ESR, and visible absorption spectroscopy. Formation
of the cysteine complex resulted in consequent reduction of
vanadium(V) to vanadium(IV) by cysteine. ESR spectrometry
105confirmed this result. Absence of a thiol absorption band 
in the raman spectrum of each complex indicated thiolate 
coordination. Amino coordination was detected by infra-red
spectroscopy. The presence of a split vanadyl (V=0)
-1 -1 .absorption at 956 cm and 945 cm indicated the presence
104of cis and trans isomers of the ester complex. Note that
in this case a cis-dioxo formulation would not be compatible
with a sulfur coordinated V(IV) complex.
Hodgson and Freeman, et.al., prepared sodium bis(L-
cysteinato)chromate(III) dihydrate Na{Cr(Cys)2 |-2H20, and
108obtained its crystal structure. The complex proved to be 
octahedral, as expected for Cr(III), with carboxylate and 
amino groups located mutually cis and the thiolate groups 
positioned trans. The sodium cation exhibited a severely 
distorted octahedral coordination, with two coordination 
sites occupied by the two chromium bound carboxylate oxygens 
and the other four sites occupied by water molecules.
In an experiment designed to determine preferences 
for particular chelation modes of cysteine and its 
derivatives, Kothari and Busch prepared cobalt(III)
80
complexes of the type Co(en)2L [L=cysteine (Cys), ethylcys-
teinate (CysEt), S-methyl-L-cysteine (MeCys)] in which the
heteroligand can only coordinate in a bidentate manner,
leaving one of the three potential coordination sites
109 1free. Infra-red, H NMR, and visible absorption spectros­
copy were employed to determine coordination modes and 
elemental analysis, conductivity and molecular weight 
measurements provided analytical information. L-Cysteine and 
ethylcysteinate coordinate through thiolate and amino groups 
while S-methyl-L-cysteine coordinates through carboxylate 
and amino groups. Methylation of the mercaptide in 
Co(en)2 (Cys)+ employing methyl iodide caused rearrangement 
of the ligand from N and S chelation to N and O 
chelation.109
2+The rate and mechanism of attack of Cr upon
Co111(en)2 (Cys)+ and Co111(en) (MeCys) in lithium
1perchlorate solutions was studied using H NMR, infrared,
98and ultraviolet spectroscopy. In the 0,N bonded chelate
2+Co(en)2 (MeCys), attack of Cr occurred at oxygen to yield
an O-bonded monodentate Cr(III) product. In the S,N bonded
complex Co(en)2 (Cys)+ , attack occurred at sulfur to yield a
monodentate Cr(III) which rapidly formed either a S,N
2+chelate at low concentrations of Cr or a S,0 chelate when 
excess Cr^+ was present.
Two isomers, one dextrorotatory and one 
levorotatory, of the S,N chelate Co111(en) (L-Cys)+ were 
isolated by Freeman, et.al., via a novel preparation of this
81
110complex. The isomers were separated and characterized (as
lwere analogous penicillammme cobalt (III) complexes) by H
13 . .NMR, C NMR, ultraviolet and rotatory dispersion spectra.
Furthermore, crystals satisfactory for x-ray analysis estab­
lished the absolute configurations of the diastereoisomers. 
In both cases, the configurations were consistent with those 
of L-cysteine. (Fig. 32)
Fig. 32. The A-[CoII]C(en)2(L-Cys) + ] ion.
Shindo and Brown studied complexes of L-cysteine,
methylcysteinate, and S-methyl-L-cysteine with Zn(II),
101Cd(II), Hg(II) and Pb(II). The complexes were charac­
terized extensively according to infra-red spectroscopy. The
*
strength of coordination to either oxygen or amino was noted 
to be of secondary importance to metal-sulfur bonding which 
is the driving force in complex formation with these metals.
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Following the method of Shindo and Brown, Bell and
Sheldrick, obtained crystals of sodium bis(L-cysteinato)
zincate(II) hexahydrate, Na2[Zn(Cys)2]-6H20, (Fig. 33) and
bis(O-ethyl-Lcysteinato)zinc(II), Zb(CysEt)2 suitable for x- 
9 9ray analysis. Distorted tetrahedrons displaying S,N coor­
dination to Zn were found for each of these. The complexes
Zn1
2- .Fig. 33. The [Zn(Cys)2] ion.
precipitated from alkaline solutions of pH>ll and contrast
with Zn(II) complexes with D-penicillammine that were
obtained from acidic solutions of pH=2 displaying only
99coordination through carboxylate.
The structures of at least two mercury complexes of
cysteine have been reported. In one of these, HgCl2 (Cys), a
strong sulfur bridge between two tetrahedrally coordinated
103mercury atoms is the principal feature. This compound was 
isolated as an intermediate in the formation of 
(Hg(Cys)2Cl}-0.5H20, in which mercury is bi-coordinate to
83
the sulfur atoms of two L-cysteine molecules in different
ionization states. One cysteine molecule is neutral, while
the other is deprotonated at carboxylate. An interstitial
103chlorine atom allows charge balance. Another two-
coordinate structure for mercury reveals sulfur coordination
of cysteine and coordination of a lone methyl group to 
102mercury.
2.5.b. Physical properties - techniques of characterization
L-Cysteine exemplifies the ambidentate ligand. Three 
potential binding sites, carboxylato, amino, and mercapto, 
allow the possibility of monodentate, tridentate, and 
various combinations of bidentate coordination. (Fig. 34) Of
v
+ /H3N/////p
H« V ”
/ H 
S . 
H
Fig. 34. Cysteine
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the bidentate inodes, coordination through sulfur and nit­
rogen is most commonly encountered although there are 
several examples of carboxylato and amino chelates. The 
combination of mercapto and carboxylato is rare, although it
has been noted in an Fe(III) complex100 and in a Cr(III) 
9 8complex. The determination of coordination mode with a
99particular metal center depends upon several factors:
1) the nature of the metal and the donor atoms 
(their classification as hard or soft)
2) the basicity of the functional groups
3) the pH of the experimental solution
4) chelate ring formation.
While the soft acid-soft base classification system
correlates well with the observed proclivity of sulfur to
coordinate to cadmium, mercury, and earlier transition
metals in high oxidation states, this is best regarded as an
empirical obsertion. Nor does an examination of the pK
values for cysteine appreciably improve predictions of
coordination mode. The value of pK^=1.7 corresponds to the
deprotonation of the carboxyl group and illustrates the
99 100predominance of cysteine m  its zwittenonic form. '
However, pK2=8.1 and pK3=10.1 represent a complex equilibria
99 100between deprotonation of the thiol and amino groups. '
The fact that several sulfur and nitrogen coordinated 
complexes with uncoordinated carboxyl groups precipitate 
from neutral and acidic media indicates that the pH of an
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experimental solution may be of secondary importance. 
Rather, the stability conferred by chelate ring formation 
coupled with the affinity of sulfur for a number of metal 
centers seems to be the primary driving force in complex 
formation.101
In addition to the ambidentate nature of cysteine,
an important aspect of its chemistry involves the redox
reactivity of the mercapto group. Cysteine oxidizes Fe(II) 
to Fe(III), or alternatively, reduces Fe(III) to Fe(II) as 
it is oxidized to the disulfide dimer cystine.100 This
attests to the electron-transfer mediation capability of 
cysteinic sulfur in the ferrodoxins. In the presence of
strong oxidants, especially if a catalyst such as Cu(II) or
Fe(III) is present, the sulfonic acid of cysteine forms as
the end product of the sequence:
R-SH — ►R-S-S-R — ►R-SC^H. 100
The intermediate cystine is very stable toward further 
oxidation, and thus becomes the end product if only moderate 
oxidizing agents are employed.
In the absence of x-ray crystallographic analysis, 
infra-red spectroscopy has been used more than any other
tool to distinguish the bonding mode of metal complexes with
. . 92,95,98,99,101,109 _ . . , . -L-cysteine. ' ' ' ' ' Subsequent x-ray analysis of
several compounds whose structures were formulated on this
basis has proven most of these assignments to be
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93 94 99 103 . . .correct. ' ' ' The initial work m  this area was
accomplished by Hideyo Shindo and Theodore Brown through
deuteron labeling of L-cysteine and several metal-cysteine
101 . -1 complexes. A strong absorption band at 2568 cm has been
101assigned to the S-H stretch of L-cysteine. A disap­
pearance of this band strongly indicates coordination 
through sulfur. However, it should be noted that oxidation 
of cysteine to cystine or cysteinesulfonic acid also results 
in the removal of this band from the spectrum. These pos­
sibilities must be taken into account before definite 
assignments can be made. The quaternary amine group of the
free ligand (-NH3+) exhibits stretching, degenerate defor-
-1mations, and symmetric deformations at 3 012 cm (s,br),
-1 -1 . 971615 cm (vs) and 1519 cm (vs), respectively. In coor­
dinated tertiary amino groups (-NH^), the stretching band
-1shifts to a higher frequency, 3100-3300 cm (m-s), while
(-NH2) bending and wagging absorptions occur in the region
1540-1575 cm 1 (m-vs) and 1244-1279 cm 1 (m-s),
92 95 101respectively. ' ' Finally, carboxylato coordination can
be determined readily by the position of the COO asymmetric
stretching band. In the free ligand, this appears as a very
-1 101strong band at 1590 cm , and in the hydrochloride, at 
— I 99ca. 1725 cm . Upon coordination, a shift to 1615-1665 
-1 101cm occurs, unless the carboxylate coordination is
♦ . 92extremely weak, as in the complex of Kay and Mitchell. A
slight shift may also occur in the symmetric stretching
-1
absorption band, 1395-1420 cm
3. RESULTS AND DISCUSSION
3-1- Peroxo Complexes of V(V) with Nicotinic Acid
3.1.a. K2 [V202 (02)4Nic]H20
Nicotinic acid is a potentially bidentate ligand
which exhibits monodentate metal complexation through
72 75 V 3nitrogen ' or oxygen, as well as symmetric binuclear
74 . . . .carboxylato bridging, and binuclear bridging via car-
8 3boxylato and nitrogen. Although the preparation of a
vanadium (IV) complex of the formula VO(Nic)2 (H20) was
8 0previously reported, it was poorly characterized.
We have isolated a stable, yellow crystalline peroxo 
complex of vanadium(V) with nicotinic acid corresponding to 
the formula K2[V202(02)4Nic]H20. Two oxo-diperoxovanadium(V) 
moieties are symmetrically bridged by the carboxylato 
oxygens of nicotinic acid. Protonation of nitrogen maintains 
the charge neutrality of the ligand, resulting in a 
dinegative complex anion.
The crystalline product precipitated from an 
aqueous-peroxo solution of vanadium pentoxide and nicotinic 
acid at pH=4-5. The complex was analyzed by elemental anal-
- 87-
88
ysis, cerimetric titration, and thiosulfate titration and
was characterized by infrared, electronic absorption, H 
13NMR, and C NMR spectroscopy. The molecular formula 
K2[v2°2 (°2)4Nic H^2° requires: K, 16.25? V, 21.20; O, 43.2;
C, 14.97; H, 1.45; N, 2.91. Elemental analysis found; K, 
16.19? V, 21.42? 0, 41.26; C, 16.7; H, 1.34? N, 3.28.
Thiosulfate titration for vanadium gave; V, 21.36. The 
theoretical percentage of peroxide in the complex is 2 6.6, 
which compares well with 25.6% and 26.8% peroxide according 
to cerium and thiosulfate titrations, respectively. Thiosul­
fate analysis and infrared spectroscopy indicate that the 
complex is stable to decomposition despite exposure to air 
over time, yielding the same analytical results after a 
period of eleven months. The complex is soluble in H20, 
DMSO, and DMF.
The most characteristic infrared absorption bands of
oxo-peroxo vanadium(V) and molybdenum(VI) complexes occur in
-1 -1the regions of 900-1000 cm and 800-900 cm which corres­
pond to metal-oxo and metal-peroxo absorptions, respect-
-1 . -1 ively. A band at 941 cm and a split band at 879,863 cm
indicates the presence of a doubly bonded oxygen (V=0) and
of peroxo ligands in different environments. Although the
spectrum of the salt of nicotinic acid displays an
-1absorption of moderate intensity at 840 cm , this is 
readily distinguishable from the strong peroxo group 
absorptions.(Fig. 35)
-1A broad absorption with maxima at 3,583 cm and
Fig. 35. Characteristic infrared regions in nicotinic acid and
K 2 t V 2 ° 2  (°2 > 4 M i c :iH 2 0
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3,511 cm suggests the presence of water, either coor­
dinated or in the lattice. A strong absorption band at 3,108
-1 . .cm in the infrared spectrum is assigned as the protonated
111nitrogen stretching frequency. This precludes the pos­
sibility of coordination through nitrogen in the solid
-1
state. Very strong absorptions at 1,634 cm and at 1,428
-1 -cm correspond to COO antisymmetric and symmetric fre-
88 9 0 —1quencies, respectively. ' These bands occur at 1,709 cm
-1 . . -1and 1,417 cm in the free ligand, and at 1,594 cm and
-1 . . . . .1,387 cm m  the potassium salt of nicotinic acid. The
shift of the antisymmetric band indicates coordination of 
carboxylato, however, the absolute difference between the 
antisymmetric and symmetric frequencies provides more infor­
mation regarding coordination mode than do the individual
90values of each frequency. (See Appendix 6.1.a.) Accor-
-1 -1 dmgly, differences of 206 cm and of 207 cm m  the
complex and in the potassium salt of nicotinic acid, res­
pectively, are typical of bidentate or symmetric coor­
dination involving both of the carboxylato oxygens. The
-1 . . . .somewhat larger difference of 292 cm , found m  nicotinic
acid, is typical of a free ligand or of unidentate coor-
90dmation through only one of the carboxylato oxygens.
Furthermore, it is suggested that the aromatic -C=C- stret-
-1ching frequency bands, appearing at ca. 1,580-1620 cm , 
exhibit absorption intensities of equal strength to those of 
COO-" absorptions only when the carboxylato group is symmet­
rically coordinated. This similarity in absorption intensity
91
occurs in the spectra of the peroxo-nicotinato-vanadium
complex and in the potassium salt of nicotinic acid, but in
nicotinic acid and several of its vanadium and molybdenum
complexes (discussed in this work), the -C=C- absorptions
are considerably less intense. (Fig. 35)
Further evidence in support of a symmetrically
1
bridged structure emerges from H NMR spectra. When D20 is
employed as solvent, signal broadening indicative of the
presence of a paramagnetic species is observed. The patterns
and the chemical shifts associated with the signals are
identifiable, however, and correlate with those observed for
the nicotinic acid zwitterion, as indicated in Table 1. Note
that the signals of the HC4 and HC6 protons have similar
chemical shifts. Legg notes that this pattern is compatible
either with a dissociated ligand in its zwitterionic state,
78 82or with a ligand coordinated via nitrogen. ' The 
appearance in the infrared spectrum of an -N-H absorption 
and the observed carboxylate shift discounts this latter 
possibility in the solid state. Rather, the appearance of 
gas bubbles in the NMR sample tube and the eventual change 
in color from yellow to green supports the alternate case 
for ligand dissociation in solution, coupled to the reduc­
tion of V(V) to V(IV):
2V043" + 10H+ -«r 2V02+ + 1/2 C>2 + 5H20
The bridging structure proposed for the vanadium complex is
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Nic V (C>2) Nic
Proton cf-ppm cf-ppm
HC5 7.98 7.91
HC4 8.80 8.69
HC6 8.79 8.77
HC2 9.08 9.04
Solvent: D_0? Nic=nicotinic acid, 
V(02)Nic=[0{V0(02)2}2Nic}H20
n
Table 1. H NMR chemical shifts in nicotinic acid 
and in [0{V0(02)2)2Nic}H20. (Solvent: D20)
v
1
Fig. 36. H NMR spectra of nicotinic acid in D O  (a) and 
[0{V0(02)2)2Nic}H20 in D20 (b) and DMF-d7 (c)
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Table 2. H NMR chemical shift and coupling constant
comparisons for nicotinic acid, its sodium 
[0{V0(02)2}2Nic}H20
salt, and
Chemical shifts
V(0 )Nic Nic Na-Nic
proton cf-ppm cf-ppm d-ppm
HC5 7.58 7.58 7.58
HC4 8.33 8.35 8.35
HC6 8.77 8.83 8.75
HC2 9.14 9.15 9.05
Coupling constants:*
proton coupling v ' -  (Hz. )
HC5 P3ra_H C2 0.9
ortho-H-,.
Co 4.8
ortho-H_.C4 7.9
HC4 meta-H_^Co 1.8
meta-HC2 2 .1
ortho-H-,,.
CD
8.0
HC6 meta-H-,C4 1.8
meta-HC5 4.9
HC2 Para-HC5 0.8
meta-H-,.C4 2 .1
Solvent: DMF-,7 ; Nic=nicotinic acid,
V(02)Nic=[0{V0(02)2)2Nlc}H20
* Note that meta coupling across nitrogen between the C2 and 
C6 protons does not occur. The value of the coupling 
constants is not appreciably changed when DMS0-d6 is 
employed as solvent.
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expected to be particularly unstable in aqueous media, and 
is therefore compatible with these observations.
When DMF-d7 is employed as solvent, a sharp H NMR 
spectrum allows the assignment of coupling constants, as 
well as chemical shifts, confirming that diamagnetic V(V) is 
present. This suggests that the complex anion exists intact 
in this solvent since ligand dissociation should cause a 
significant perturbation of the ligand sphere with conse­
quent reduction of V(V), as is observed in aqueous solvents.
1 . . . . .H NMR spectra of nicotinic acid, its sodium salt, and of
the oxo-diperoxo-nicotinato vanadium(V) complex in DMF-d7 
display nearly identical shifts and coupling constants for 
the aromatic proton signals. (Table 2). Four distinct pat­
terns emerge. The HC4 signal appears at d=8.35 ppm, now 
upfield of the Hcg signal, confirming chemically non­
equivalent environments for these protons. If the ligand
were coordinated via nitrogen, the signal paterns of these
78 82protons would overlap, which is not the case. ' (Fig. 35)
Chemical shifts of the proton signals in the coordinated
complex relative to those of the free ligand are not
expected or observed, since coordination of the carboxylato
group results in the removal of electron density on nuclei
located four atoms away from the nearest proton. A very
strong, broad signal at 3.6 ppm confirms the existence of
water in the complex.
13A C NMR spectrum of the complex was obtained using 
DMS0-d6 as solvent. Only two signals were clearly detected.
96
13In comparison with C data obtained for Nic and K-Nic in
D20 , some shift in the signal frequencies seems to have
occurred. However, the absence of clear signals for the
remaining carbons necessitates that this data be regarded
with some skepticism.
The complex was also characterized by electronic
absorption spectroscopy. The principal feature of interest
is the peroxo-metal transfer band occurring at: 3 50 nm,
shoulder, solid state: 348-356 nm, shoulder, DMSO; 352-380
nm, shoulder, DMF; 329 nm, aq.- u=0.1 KC1, pH=5.7. As the pH
is lowered, the position of the absorption band remains at
ca. 329 nm until ph<2, at which point a shift to 458 nm
+ . 1 2indicates the formation of the VO(C>2) cation. ' At ph<2,
—1 -1the molar absorptivity was found to be 510-549 L.cm mole
This value is approximately twice that found for the V0(C>2) + 
1 2 . .cation, ' indicating the presence of two vanadium-peroxo 
centers in the complex: dissociation at low pH leads to the 
formation of two V0(02)+ cations per complex anion. The
molar absorptivity of the complex at higher pH's ranged from
-1 -1 . . .ca. 1,800-2400 L.cm mole . A 7J -Tl* transition m  the ligand
8 0 91occurs at 2 60 nm. ' This absorption appears in the 
complex with no significant change in frequency or molar 
absorptivity, however, at pH>6, the band splits into two 
absorption maxima, 255 nm and 263 nm.
On the basis of the spectral and analytical infor­
mation obtained for this complex, any postulated structure 
must meet the following minimum requirements: 1) two
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vanadium(V) centers, each coordinated to one doubly bonded 
oxygen and two peroxo ligands must exist per nicotinato 
ligand; 2) the nicotinic acid ligand is coordinated through 
the carboxylato group, most likely in a symmetric, bidentate 
manner; 3) the complex anion is dinegative, indicating a -1 
charge per vanadium; 4) one, or possibly two, molecules of 
water per complex anion are either coordinated or exist in 
the crystal lattice. (Figure 37) Additionally, based on the
2 -
C
Fig. 37. Structural features of the
V2 V 02>4Nic2" i0n*
x-ray structures which have been obtained to date, a hep-
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tacoordinate, pentagonal bipyramidal structure for each
bridged structure, in which each carboxylato oxygen is 
contained in a pentagonal plane formed with two peroxo 
ligands about vanadium(V) is tentatively suggested. In this 
formulation, an oxo ligand forms one apex of each pentagonal 
bipyramid, the other apex being occupied by either a weakly 
coordinated water molecule or a peroxo ligand on an adjacent 
metal center. (Figure 38)
vanadium center is likely. 5,7,8,13,14,21,22 A symmetrically
2-
o
c
k; V03" ♦ H202 - NAH ^  K2 [V202(02)4NAH] 2 H20
Fig. 38. Postulated structure of the
i o n -
The oxo-diperoxo-nicotinato vanadium(V) compound was 
originally prepared by Nikola Vuletic (in this lab) ,
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however, discrepancies in the analysis of compounds which 
were prepared according to procedures outlined by him led to 
further investigation. Sandra Sheffield (also in this lab) 
attempted the synthesis of this compound employing a method 
similar to that of Vuletic, but was unsuccessful in rep­
roducing his result. Sheffield incorrectly reported the 
synthesis of a new oxo-peroxo-nicotinato-vanadium(V) 
compound which this study has shown to be a mixture of 
nicotinic acid and an oxo-peroxo-vanadium species. This 
mixture is frequently obtained and discarded as an initial 
precipitate in the refined procedure. Preparations of this 
compound prior to refinement of the procedure exhibited 
photo-induced decomposition of the complexes over time. This 
effect probably arises from the presence of peroxo-vanadium 
impurities in the precipitate. Several of Vuletic1s original 
preparations were obtained. Of these, an IR spectrum could 
be obtained for only three. Two of these retained some 
characteristics of the original IR's with a considerable 
loss of detail. Cerium titrations of these complexes 
indicated the presence of 2.5%-4.2% peroxide. Interestingly, 
the spectrum of the third preparation retained no charac­
teristics that might indicate the presence of nicotinic 
acid.
By decreasing the amount of base used in Vuletic's 
preparation, resulting in a lower final pH, and by 
increasing the reaction temperature, a pure product of 
consistent composition has been obtained. The product
100
appears to be very stable over time when stored in a dark, 
dry container.
3.2. Peroxo Complexes of Mo(VI) with Nicotinic Acid and
Nicotinic Acid, N-oxide
3.2.a. Mo0(02)2(Nic)H20 and 
u -0{Mo02(02)(Nic)H20}2
Yellow, prismatic crystals of an oxo-peroxo-
nicotinato-molybdenum(VI) complex were obtained from an
aqueous peroxide solution of pH=l-2. Spectral evidence
clearly indicates unidentate coordination of nicotinic acid
through carboxylato oxygen. However, spectral and analytical
data are compatible with at least three closely related
formulations of its composition and its structural
properties. The most stable form of the complex appears to
be a monoperoxo species, but, analytical evidence suggests
that an unstable diperoxo species can be isolated which
undergoes rearrangement in the solid state to form oxo
bridged dimers or polymers due to the loss of some peroxide
1
as molecular oxygen. The H NMR spectrum of the complex m  
D20 strongly suggests ligand rearrangement resulting in 
coordination to molybdenum through nitrogen in aqueous 
media. This behavior, rearrangement of coordination mode
101
from carboxylate to nitrogen has been observed in aqueous
77media for chromium(III) complexes of nicotinic acid.
The complex was analyzed by elemental analysis and
1cenmetric titration and further characterized by H NMR,
infrared, and electronic absorption spectroscopy. A satis- 
13factory C NMR spectrum could not be obtained. Table 3 
lists the results of elemental analysis together with 
theoretical percentages of elemental composition for three 
potential molecular formulae:
Table 3. Elemental analysis of MoO(C>2) (Nic)H20
Mo 0
Analyzed:
30.99 --
C
23 .76
H
2.42
N
4.48
Required for:
(1) Mo0(02)2Nic - H20
30.26 40.37 22.73 2.23 4.42
(2) bis-u-0{Mo0(02) (Nic)H20 >2
31.8 37.2 23.9 2.33 4.65
(3) u-0{Mo0(02)(Nic)H20} -polymeric
33.0 35.1 24.7 2.41 4.8
Table 3 clearly illustrates that a distinction between these 
possibilities cannot be made on the basis of elemental 
analysis. Cerium titration for peroxide provides a method
for distinguishing between the diperoxo species (1) (Fig.
39) and the monoperoxo species (2) & (3).
The diperoxo formulation (1) requires 20.2%
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peroxide. Initial preparatory procedures yielded a 
precipitate with 18.5% peroxide, if dried in a dessicator, 
and 17.3%, if dried in a vacuum oven. In this procedure, the
Mo
H,0
NH
Fig. 39. Postulated structure of 
Mo0(02)2(Nic)H20
reaction was carried out at 40° C. Because the reaction 
mixture never went clear after the addition of solid 
nicotinic acid, impure reaction products were filtered and 
the crystals were collected from the then clear mother 
liquor. A significant amount of starting material was wasted 
by this procedure until it was ascertained that if the 
reaction was carried out at 70-75° C with successive 
additions of water and hydrogen to maintain hydration and 
peroxide concentration, a clear reaction mixture could be
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achieved. This preparatory procedure yielded a product in 
4 5-65% yield with an elemental analysis and spectral 
properties which were virtually identical to those found for 
the product of the original procedure. But, the peroxide 
content was 11.6% initially and 10.2% after drying for two 
weeks in a dessicator. This result is incompatible with (1), 
however, (2) requires 10.6% peroxide and (3) requires 10.9% 
peroxide.
As with the oxo-diperoxo-nicotinato vanadium(V) 
complex (Sec. 3.1.), the original preparation of this 
complex was performed by Vuletic. Fortunately, one of 
Vuletic's original samples of a complex formulated as (1) 
was retained by this lab. After a period of some three 
years, his preparation yielded a peroxide titration result 
of 9.7%. An infrared spectrum of this complex matched 
spectra obtained for more recent preparations. Sig­
nificantly, a complex which was prepared by the original 
procedure and which gave an initial peroxide titration 
result of 16.3% was determined to contain 9.7% peroxide 
after 70 days. The results of analysis and peroxide tit­
ration clearly suggest that a monoperoxo species in which 
one nicotinic acid ligand is coordinated to each molybdenum 
exists as the most stable form of this complex.
-1Strong infrared absorption bands at 941 cm and 859
-1
cm correspond to the Mo=0 and Mo-peroxo frequencies. The
peroxo region is complicated by ligand absorptions which
-1 -1 . -1 .occur at 848 cm and 84 0 cm m  K-Nic and at 831 cm in
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Nic. While the peroxo band is distinctive due to its inten­
sity, caution should be exercised in the interpretation of 
this band since a hasty inspection might suggest that peroxo 
groups in different environments are indicated.
The characteristic absorptions of Mo-O-Mo bridging
-1
groups appear m  the regions of 715-8 66 cm for the
antisymmetric stretch and 410-52 0 cm 1 for the symmetric
stretch.95'106 Intensities range from medium to strong for
the antisymmetric frequency and from weak to strong for the
symmetric frequency in doubly bridged complexes. Melby
studied the infrared absorptions of bridged Mo(V) and Mo(VI)
complexes, some of which had been defined by x-ray
95crystallography. He notes that Cotton and Wing have
-1assigned an antisymmetric Mo-O-Mo mode at 860 cm
Additionally, Moore and Larson identified the 43 0-435 and
-1 .735-750 cm regions as characteristic. Melby*s study
concluded that singly bridged compounds exhibit weak or no
absorption and that doubly bridged compounds show prominent
-1bands in the region of 410-425 and 735-750 cm
The infrared spectra obtained for our complex
-1contain bands of moderate intensity at 429 cm and 449
-1 . . -1 -1 .cm , but similar bands at 396 cm and 427 cm in the K-
Nic spectrum prevent assignment of these bands to bridging 
absorptions with any degree of certainty. Similarly, several 
bands appearing in the antisymmetric bridging region of our 
complex might correspond to these frequencies, but such an 
assignment would be only tentative.
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The infrared evidence remains inconclusive regarding
a bridging structural element, however, its existence may be
deduced from the known coordination chemistry of
molybdenum(VI) peroxo complexes. With the exception of only
47one octacoordmate structure, all known structures possess
32-49
heptacoordmate geometry. In this complex, three coor­
dination sites must be occupied by the oxo and peroxo 
ligands. A fourth site is filled by a carboxylate oxygen. A
Mo’
H - 0
/
H
NH
Mo
/
H
NH
0
0
0
ex
^Mo. ) + 0, 
I w
° - 6  0 -H
^ \
H
NH
+ xCX
Fig. 40. Possible formation and structure of 
bis-u-O(Mo0(0 )(Nic)H O} or 
u-0{Mo0(02)(Nic)H20) -polymeric
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fifth site probably corresponds to coordination of a water 
molecule. Thus, in the absence of a second peroxo ligand to 
complete the coordination sphere, it is extremely likely 
that a bridging structure such as (2) or(3) exists. (Fig.
40)
Several structural features which have been assumed
thus far are confirmed by infrared spectra. (Fig. 41) A
-1broad band at 3,461 cm indicates the presence of water, 
probably coordinated. A distinctive absorption pattern of
MoO(02)2 NAH • Hz0 -
MoO;(02)NAH-H20^7
-il
ii o
- o .7.
MoTtt
T
i(4oo
Fig. 41. Characteristic infrared regions in
Mo0(02)2 (Nic)H20
107
this complex arises from the -N-H and aromatic C-H
stretches: 3,193 cm  ^ (N-H), 3,141 cm  ^ (N-H), 3,112 cm 1
-1 . -(C-H) , 3 066 cm . Antisymmetric and symmetric COO fre-
-1 -1quencies at 1,663 cm and 1,353 cm indicate unidentate
coordination of carboxylato due to the position of the
-1antisymmetric band and to the large difference of 310 cm
90between the two bands. (Refer to Appendix 6.1.a.) A -C=C-
stretching band of moderate intensity appears at 1,589
-1 111cm
^H NMR spectra in E>20, DMS0-d6, and DMF-d7 display 
signal patterns typical of nicotinic acid. Some paramagnetic 
broadening exists in all three spectra, and a significant 
downfield shift of the HC4 proton in the D2<D spectrum
indicates ligand dissociation and change of coordination 
mode.78'82 Chemical shifts and coupling constants may still 
be assigned, despite broadening. (Table 4) The presence of 
four distinct proton signal patterns without overlap of the 
HC4-HC6 patterns in the DMS0-d6 (Fig. 42), DMF-d7 spectra is
consistent with coordination of the ligand through car­
boxylato. A broad signal at 3.60 ppm in the DMS0-d6 spectrum 
confirms the presence of water in the complex. This signal 
is barely detectable in the DMF-d7 spectrum, however, prob­
ably due to proton-deuteron exchange and to interaction of 
water with the complex.
A definite change in coupling between H ^  and HC5 
occurs for the proton signals in D20. Interestingly, the 
values correspond closely to the coupling observed in
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1 .Table 4. H NMR chemical shift and coupling constant 
comparisons for MoO(0_)_(Nic)H-O in 
D20, DMSO-d6, DMF-d7•
Chemical shifts
solvent °2° DMS0-d6 DMF-d7
proton cf-ppm d-ppm d-ppm
HC5 8.07 7.55 7.59
HC4 8.82 8.29 8.33
HC6 8.93 8.79 8.83
HC2 9.13 9.09 9.15
Coupling constants:
solvent °2° DMS0-d6 DMF-d7
proton coupling* v" - (Hz 0
HC5 Para-HC2
ortho-H-,^to
n. o.
5.9
n. o.
4.9
n. o.
5.0
ortho-H-.C4 7.7 7.9 8.0
HC4 meta-H^.Lo 1.9 1.5 1.5
meta-HC2 0.6 n. o . n. o.
ortho-H_._C5 7.4 7.8 7.8
HC6 meta-H-,C4 1.6 1.5 1.4
meta-HC^D 6.3 4.7 4 . 8
HC2 para-HC5
meta-HC4
0.6
2.1
n. o. n. o .
*.n.o. - not observed
* Note that meta coupling across nitrogen between the C2 and 
C6 protons does not occur.
109
nicotinic acid, N-oxide, however , the chemical shifts do 
not support the possibility of N-oxide formation. (Sec.
3.2.b .) Rather, the chemical shifts, the changes in coupling
ppm<5)
Fig. 42. NMR spectrum of MoO(02)2(Nic)H20 in DMSO-d6
constants, and the observation of paramagnetic broadening 
indicate that ligand rearrangement has occurred with nit­
rogen coordination to molybdenum occurring in aqueous
110
77 78 82solution. ' ' Simple dissociation of the ligand is also
consistent with the chemical shifts observed, however,
dissociation alone is not sufficient to account for the
change in coupling.
The electronic absorption spectra exhibit peroxo-
metal transfer bands at: 310-350 nm, shoulder, solid state;
320 nm, DMSO; 3 39 nm, DMF; 3 04 nm, aq.- u-o.l KC1, pH=5.7.
The position of this band remains in the region of 304-310
nm in the pH range 8 < pH <2. Below pH=2, the band shifts to
324-330 nm. This is a relatively weak absorption, with a
—1 —1molar absorptivity of ca. 550 L.cm mole . The Tf-fi* tran­
sition band at 260 nm. is typical of nicotinic acid, and
3 -1 -1observed molar absorptivities of 4.93 x 10 L.cm mole are
consistent with the association of one nicotinate ligand per 
8 0molybdenum. Above pH=6, thefJ-tf* band exhibits two maxima: 
256 nm, 262 nm.
In conclusion, we suggest two possibilities for the 
structural characteristics of this complex in the solid 
state. A polymeric structure such as that formulated by (3) 
fulfills the coordination requirements for a Mo(VI) peroxo 
complex, and the molecular formula is in reasonable 
agreement with analytical results. The single oxo bridging 
formulation does not require the observation of strong 
infrared absorption bands. High peroxide titration results 
might be explained by the inclusion of interstitial hydrogen 
peroxide which decomposes to form molecular oxygen and water 
over time:
Ill
— ° 2 + 2H20
Two points argue against this formulation. The inclusion of 
hydrogen peroxide in the lattice, with the consequent for­
mation of water upon its decomposition should also result in 
the eventual decomposition of the complex. This fact is 
supported by the observation of ligand rearrangement in 
aqueous media. The remarkable stability of the compound 
reveals that this does not occur. Also, a polymeric complex 
would be expected to be only sparingly soluble in aqueous 
media.
(1) is formed initially and although stable enough to be 
isolated, it undergoes lattice rearrangement to form a 
doubly bridged dimer. The peroxo groups of two adjacent 
monomers would first rearrange to two superoxide ligands, 
then form the bridge, concurrent with the release of 
molecular oxygen:
This formulation is in agreement with analytical results and 
fulfills the coordination requirements of Mo(VI). However, 
the change from a diperoxo complex to a doubly bridged 
complex should result in significant changes in the infrared 
spectra which are not observed. Ultimately, the resolution 
of this problem will probably require x-ray analysis, but
The second possibility is that the diperoxo species
20 2 - + 2<02 ~>2
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the lack of suitable crystals may delay this indefinitely.
3.2.b. Mo02 (02)(Nic)(NicN-0)H20: a mixed heteroligand 
complex
A single cis-dioxo-monoperoxo complex of 
molybdenum(VI) containing one nicotinic acid ligand (Nic) 
and one nicotinic acid,N-oxide ligand (NicN-O) has been 
isolated from two experimental solutions containing dif­
ferent starting materials. Aqueous peroxo-molybdate 
solutions of, pH=l-2, to which either nicotinic acid or 
nicotinic acid, N-oxide was added yielded identical products
in yields of 25-40%. The complex has been characterized
1 .extensively by H NMR, infrared, and electronic absorption
spectroscopy. Time constraints have not permitted the 
acquisition of sufficient microanalytical data since the 
significance of this interesting reaction product has 
only recently been recognized. The elemental analyses which 
have been obtained, however, are in reasonable agreement 
with this formulation.
Spectroscopic evidence strongly suggests that the 
nicotinate ligand is coordinated through one carboxylato 
oxygen. The nicotinic acid, N-oxide ligand probably coor­
dinates through the N-oxide group with its carboxylato group 
forming a typical hydrogen bonded carboxylic acid dimer with
113
a second nicotinic acid, N-oxide ligand on an adjacent
molecule. (Fig. 43) Formation of the N-oxide in a peroxidic
112 113solution is not surprising ' . In contrast, dissociation
of the strong N-0 bond is unusual. Deoxygenation probably
0
0
M o
° ^ c - 0
0
i
N
0
NH
I
OH
Fig. 43. Postulated structure of Mo02 (02)(Nic)(NicN-0)H20
occurs by a two electron transfer from a dissociating peroxo 
ligand to the oxygen of the N-oxide, yielding molecular 
oxygen, nicotinic acid and a cis-dioxo Mo(VI) moiety.
In the original preparation of this complex, two 
equivalents of nicotinic acid were added to a peroxo- 
molybdate solution in an attempt to isolate a monoperoxo- 
dinicotinato complex. The presence of the N-oxide was first
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detected when mass spectral analysis identified a crystal­
line organic co-precipitate as either nicotinic acid,N-oxide 
or the peroxyacid of nicotinic acid. Noel Einolf, Ph.D., of 
Phillip Morris, Research and Development, performed the mass 
spectral data acquisition and analysis. Electron ionization 
revealed a molecular ion peak of 139. Chemical ionizations 
with isobutane, methane, and ammonia were also performed. 
Analysis of the four spectra gave a chemical formula of 
CgH5N03 with fragmentation patterns compatible with either 
nicotinic acid,N-oxide or peroxynicotinic acid.
Elemental analysis of the organic co-precipitate
found: C, 51.80; H, 3.72; N, 9.88. C^HcN0o requires: C,b o  J
51.8; H, 3.6; N, 10.1; 0, 34.5. Although the infrared
spectrum of the organic co-precipitate resembled that of 
nicotinic acid, N-oxide, difficulty in obtaining a suf­
ficient quantity of uncontaminated sample prevented a 
definite assignment on this basis. Confirmation of its 
identity was finally ascertained by the melting point of the
precipitate: 253-255°C. Nicotinic acid, N-oxide melts at 254°
112 . .C. The result was not surprising, since the N-oxide can
be prepared from a mixture of nicotinic acid, H2°2' and
acetic acid allowed to react for 3 hrs. at 100° C .112'113
After confirming the presence of nicotinic acid, N-
oxide, a supply of of this compound was obtained, aiding the
spectral characterization* of the complex considerably.
Unexpectedly, an attempt to prepare a peroxo complex of
molybdenum(VI) with the N-oxide yielded a complex with
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spectral characteristics identical to those obtained from 
the reaction beginning with nicotinic acid. The pale yellow
prismatic crystals are soluble in H2<3, DMSO, and DMF.
The formulation MoC>2 (C>2) (Nic) (NicN-O)H20 is capable 
of integrating all of the analytical, spectral, and chemical 
information obtained in the study of this complex. Other 
seemingly reasonable possibilities can be excluded on the 
basis of spectral data or known chemistry. The molecular 
formula requires: Mo, 21.8? 0, 36.3? C, 32.7? H, 2.75? N,
6.36. Elemental analysis found: Mo, 20.46? O, 30.64? C,
32.9? H, 2.86? N, 6.41. The discrepancy in the oxygen anal­
ysis probably arises from the difficulty of analyzing this 
element in a peroxo complex. We have consistently obtained 
low oxygen analyses for other complexes, and since there
were no other elements in the experimental solution, this is 
the most likely source of analytical error. All other
elements are in good agreement. Cerimetric titration found 
6.9% peroxide? 7.3% is required.
-1 -1 Two strong absorption bands at 9 63 cm and 946 cm
in the infrared spectra indicate the presence of cis
95oriented oxo ligands. (Fig. 44) The Mo-peroxo stretch
-1 -1 occurs at either 871 cm or 860 cm . As noted m  Sec.
3.2.a., ligand absorption bands in the peroxo region are
probably responsible for what appears to be a double
-1 .absorption. The stronger band at 860 cm is the more likely
candidate. Hydrogen bonding bands with maxima at 3,480 and 
-1 .3,3 55 cm indicate the presence of water or hydrogen bonded
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carboxylato groups, or both. Importantly, a sharp absorption 
at 3,120 cm 1 signals the presence of an aromatic N-H group.
Mo"
u-
j:
Fig. 44. Characteristic infrared regions in 
Mo0(02)(Nic)(NicN-0)H20
Aromatic C-H stretching frequencies are observed at 3,100
-1 -1 -1cm , 3,085 cm , and 3068 cm . Two pairs of antisymmetric
and symmetric carboxylato strectching bands appear at 1,7 29
-1 -1
and 1,442 cm and at 1,651 and 1,362 cm . These correspond
to one uncoordinated, hydrogen bonded carboxylic acid dimer,
and to one unidentately coordinated carboxylato group, 
9 0respectively. (See App. A.)
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1H NMR spectra were obtained using D20, DMS0-d6, and 
DMF-d7 as solvents. The DMS0-d6 spectra gave clear, sharp 
signals, allowing the assignment of chemical shifts and 
coupling constants to the nicotinic acid and nicotinic acid, 
N-oxide ligands with certainty. (Fig. 45) Four signal pat­
tern regions, 9.0 ppm < d: 9.0 ppm > d < 8.70 ppm: 8.70 ppm 
> d < 7.7 5 ppm: 7.75 ppm > d, gave integration ratios of
1:1:3:3, as expected for the combination of these two 
ligands. Paramagnetic broadening in the DMF-d7 spectrum 
prevented a detailed analysis in this solvent, however, the 
gross features resembled those obtained in DMS0-d6. Spectra 
obtained in D20 revealed a chemical shift occurring over
time of the NicN-0 signals.
1A DMSO-d6 H NMR spectrum obtained for the first
preparation of the complex utilizing nicotinic acid, N-oxide
as starting material showed considerable broadening in the
HC2' HC6 si9nals of the nicotinate ligand, which are the
protons adjacent to the nitrogen. This observation led to
the conjecture that the complex might contain two N-oxide
ligands, one of which was reduced to nicotinic acid upon
solvation. At this point it became clear that the
preparatory procedure used to obtain the material under
1study was unsound. The preparation was revised and a H NMR 
time study of the product obtained by the refined technique 
was undertaken, again utilizing DMS0-d6 as solvent. Spectra 
taken at 20 minutes, 3 hours, and 24 hours from the time of 
solvation showed no significant changes in signal pattern or
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Fig. 45. Comparison of NMR spectra relevant to 
MoO(C>2) (Nic) (NicN-Q)H20
10
ppm(6)
5
M
Mo0(02 >2NAHCH20) 
Solvent: DMSO-d-
a. 7.55
b. 8.29
c . 8.79
d. 9.09
Mo02 C02 )CNAHNO)2 (H20 )
Solvent: DMSO-d^
NAH
a. 7.55
b . 8.29
c. 8.80
d. 9.08
NAHNO
a. 7.54
b. 7.80
c. 8.37
d. 8.49
Nicotinic acid N-oxide
Solvent: DMSO-d 6^
0  a - 7 ■ 54
b. 7.79
c. 8.42
d. 8.48
O H
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chemical shift, although slightly better resolution was 
obtained over time. The broadening observed in the initial 
sample probably arose from impurities in the sample.
The nicotinic acid proton signals do not arise from 
the formation of nicotinic from its N-oxide upon solvation. 
The presence of the nicotinate ligand is readily ascertained 
by the HC2, HC6 signals which appear downfield of all other 
nicotinic acid and nicotinic acid, N-oxide signals. These 
signals are immediately apparent in all spectra, regardless 
of solvent, and do not change with time. In D2<D, it is noted 
that the nicotinic acid, N-oxide signals shift downfield 
over time, becoming more nicotinic acid like. Table 5 lists 
the respective shifts and couplings of the nicotinic acid 
and nicotinic acid, N-oxide ligands in the complexes 
isolated using nicotinic acid and nicotinic acid, N-oxide as 
starting materials, respectively. Table 6 lists the chemical 
shifts and coupling constants of nicotinic acid, N-oxide and 
of the Mo(VI)Nic complex described in Sec.3.2.a for the 
purpose of comparison with Table 5.
The formation of Mo02 (02) (Nic) (NicN-O) H2<D beginning 
with alternate ligands initially, probably proceeds through 
related mechanisms once a significant concentration of 
nicotinic, acid, N-oxide is present in solution. A mechanism 
of product formation will be proposed for the reaction 
employing the N-oxide as starting material, with a discus­
sion of its similarity to the alternate pathway.
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Table 5- Comparison of complexes prepared from alternate
starting materials
Chemical shifts [ppm] - solvent: DMS0-d6
Starting ligand: NicN-0 Nic
Ligand
proton
pattern: NicN-0 Nic NicN-0 Nic
HC5 7.54 7.54 7. 54 7.55
HC4 7.80 8.32 7.80 8.28
HC6 8.45 8.79 8.43 8.80
HC2 8.53 9. 09 8.49 9.08
Coupling constants 
Starting ligand: NicN-0 Nic
Ligand pattern: NicN-0 Nic NicN-0 Nic
proton coupling* V  -  (Hz •)
HC5 para_HC2 1.0 0.8 0.9 0.7
ortho-Hc6 5.9 4.9 6.4 4.7
ortho-H-.C4 7.0 7.9 6.4 7.8
HC4 meta-H-- to 1.0 2.0 1.3 2.0
meta-HC2 1.0 2.0 0.7 1.9
ortho-H_._C5
* 8.0 6.5 7.9
HC6 meta-H-.C4 1.2 1.6 1.9 1.7
meta-H_rLD 6.3 4.8 6.4 4.8
HC2 Para*”HC5 0.6 0.7 1.1 0.9
meta-Hn,C4 n.o. 1.2 1.1 1.5
Key - Nic=nicotinic acid; NicN-0=nicotinic acid, N-oxide. * 
These signals are broadened thus this assignment is in 
question, (n.o. - not observed)
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Table 6. Reference ligand/complex: Comparison with Table 5
Chemical shifts
Ligand/Complex NicN-0 MO°2 (02)n (Nic)
proton cf-ppm (£-ppm
HC5 7.54 7.55
HC4 7.79 8.29
HC6 8.42 8.79
a o to 8.48 9.09
Coupling constants:
Ligand/Complex NicN-0 MO°2 (02)n (Nic)
proton coupling* V  - (Hz.)
HC5 Para-HC2 0.8 n.o.
ortho-H-^.
Co
6.0 4.8
ortho-H_.C4 7.9 7.9
HC4 meta-H*Co 1.3 1.5
meta-HC2 1.3 n.o.
ortho-H-._C5 8.0 7.8
HC6 meta~H_.C4 1.8 1.5
meta-H__C5 6.0 4.7
HC2 para-HC5 1.0 n.o.
meta-HC4 1.0 n.o.
*.n.o. - not observed
* Note that meta coupling across nitrogen between the C2 and 
C6 protons does not occur.
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Consider the formation of the complex starting with 
the N-oxide as the ligand.( Scheme 7) The initial solution 
contains a high concentration of MoO(C>2)2 to which the 
ligand and heat is added (1) . The high affinity of Mo for 
oxygen in its ligand sphere results in coordination of the 
N-oxide, which acts as a stronger Lewis base than the car­
boxylato oxygen due to the Tf electron delocalization of the 
latter. It is also important to note that coordination of 
nicotinic acid, N-oxide through its carboxylato group will 
result in a negatively charged ligand and, therefore, a 
complex anion which cannot precipitate since an appropriate 
cation does not exist in the reaction mixture. Coordination 
of a second N-oxide ligand results in an unfavorable steric 
interaction of the two proximate heterocycles and des­
tabilization of the ligand sphere. (2) One of the peroxo 
ligands dissociates and is stabilized by a proton. The key 
step is a pericyclic two electron transfer in which 
deoxygenation of the N-oxide results in the formation of a 
cis-dioxo conformation about molybdenum consequent to the 
release of the peroxo ligand as molecular oxygen, and proton 
transfer to the pyridine nitrogen. (3) Having thus formed 
nicotinic acid, the nicotinic acid ligand may now coordinate 
through its carboxylato group (4) without causing the steric 
interference noted in (2) . The two heterocyclic ligands 
possess centers of positive and negative charge, but are 
electronically neutral overall, as is the molybdenum(VI) 
moiety so formed. Loose coordination of a water molecule
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Scheme 7. Suggested mechanism of Mo0(02)(Nic)(NicN-0) H20 
formation with nicotinic acid, N-oxide as starting ligand.
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allows precipitation of this complex.(5)
The formation of the complex using nicotinic acid as
the starting material may proceed by an identical mechanism,
once the N-oxide is formed. Formation of the N-oxide 
proceeds under the reaction conditions of 75 C heat and high 
concentrations of peroxide allowed to react for several 
hours. Coordination of nicotinic acid ligands through their 
carboxylato groups and of nicotinic acid, N-oxide ligands 
through the N-oxide is a dynamic process in the heated
reaction mixture. Two coordinated N-oxides generate one 
nicotinic acid, a cis-dioxo molybdenum(VI) moiety, and a 
molecule of oxygen. In turn the nicotinic acid so produced 
may be oxidized to its N-oxide again, and so on. This
equilibrium process ceases once the reaction mixture is 
allowed to cool, resulting in the precipitation of the 
thermodynamically favored complex.
The suggested mechanism accounts for the observed 
spectroscopic data. Formation of the cis-dioxo configuration 
in a peroxide rich media results from a sterically crowded 
ligand sphere and a pericylic two electron transfer. Coor­
dination of nicotinic acid through carboxylato and nicotinic 
acid, N-oxide through oxide accounts for the presence of one 
coordinated and one uncoordinated, but hydrogen bonded 
carboxylato group in the IR. Note that a carboxylato coor­
dinated N-oxide ligand with a cis-dioxo-monoperoxo Mo(VI) 
species must result in a negatively charged complex anion. 
In the absence of a cation such a species would remain in
125— (126)
solution. Coordination of nicotinic acid through carboxylato
allows charge neutrality to be maintained by the presence of
the protonated nitrogen. This also accounts for the N-H
stretching frequency observed in the IR spectra. Finally, 
1the H NMR evidence is conclusive that one nicotmate and 
one N-oxide ligand must exist in the complex. The suggested 
mechanisms represent a chemical basis for the formation of 
such a complex.
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3.3. Peroxo complexes of V(V) with C-6 substituted nicotinic
acid: novel catalysis of C-C bond formation
3.3.a. [0{V0(02)(6-(1-hydroxyethyl)nicotinate)>2]
A novel C-C bond formation product involving C-l
addition of an activated alcohol to the C-6 carbon of the
pyridine ring in nicotinic acid has been isolated from
acidified aqueous peroxo media of pH < 2. The ligand product
is chelated to vanadium through the pyridine ring nitrogen
1and the hydroxy oxygen, according to H NMR and infrared
spectra. To verify the identity of the catalyzed ligand
product, the complex was hydrolyzed and the ligand was
1 13extracted and studied by H and C NMR. The postulated 
ligand was then prepared independently via photochemical 
methods. 1H and 13C NMR spectra of the 6-(l- 
hydroxyethyl)nicotinic acid products of vanadium-peroxo 
catalysis and of photochemical induction were identical. 
Microscopic inspection of the red oxo-monoperoxo 6-(l- 
hydroxyethyl)nicotinic acid vanadium(V) complex (V-EtONic) 
revealed scallop shaped crystals of an amber color.
The complex is soluble in DMSO and DMF, however, it 
is completely insoluble in water unless a strong base is 
added. The complex is exothermically reactive in 
concentrated DMSO solutions. Addition of a base (KOH or 
NaOH) dissociates the complex, but proved to be a useful
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first step in performing cerium and thiosulfate analyses, in 
1obtaining H NMR spectra of the free ligand, and m  extrac­
ting the ligand product. Titrations show that the product is 
extremely stable over time, retaining its peroxide content. 
Its insolubility in water probably makes the complex imper­
vious to decomposition by moisture. Further characterization
\ j )  c r /
Fig. 46.Possible structure of [0{ VO(O-)(CQHQNO_}
Z  O  y  J
of the complex was made according to infrared and electronic 
absorption spectroscopy. The molecular formula [0{ 
VO(02)(CgH9N03}, (Fig. 46), requires a composition of: V,
18.5; 0, 3 7.9; C, 35.0; H, 3.3; N, 5.1. Elemental analysis
found: V, 17.7; 0, 37.1; C, 3 6.2; H, 3.4; N, 5.3. Thiosul­
fate titrations yielded a vanadium compostition of 17.7%, 
which agrees with the microanalytical result, and a peroxide 
content of 11.1%, which corresponds to the theoretical 
calculation of 11.7%. Another formulation, VO(0o)(CoHoN0^),
Z o o J
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(Fig. 47) also agrees reasonably with the elemental anal­
ysis, requiring: V, 19.2? 0, 36.2? C, 36.3? H, 3.04? N,
14.01.
.OH
C
Fig. 47. Possible structure of V0(0o)(C H NO )
2 o o *3
Proton NMR provided the primary source of evidence 
according to which the addition product was identified. 
First, an aromatic proton signal pattern was missing from 
the spectrum of the complex. Second, a quartet and a strong 
doublet had appeared upfield. Integration yielded 1:1:1 
ratios for the signals in the aromatic region and 1:3 ratios 
for the aliphatic signals. Although the chemical shifts of 
the aromatic V-(EtONic) protons were considerably different 
from those observed in nicotinic acid, the observed coupling 
constants of the ring protons were unchanged, with one 
important exception. The ortho coupling frequency of 4.8 Hz. 
and one of the meta couplings of 1.9 Hz were not observed.
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The presence of the 8.2 Hz. frequency, characteristic of 
HC4~HCj_ proton coupling, indicated that the HC6 proton was 
missing, hence substitution at C-6 had occurred.
The aliphatic protons couple with a frequency of 6.5 
Hz. The presence of ethanol in the reaction solution, sug­
gested that this was the source of the aliphatic signals, 
but the doublet signal of the methyl group required that one 
of the methylene protons was missing. This fact ruled out 
the possibility of ester formation and strongly suggested 
that C-C bond formation between the C-6 carbon of the 
pyridine ring and the C-l carbon of ethanol had occurred.
A literature search revealed that
114Ethyl-6- (1-hydroxyethyl) -nicotmate and
115ethyl-6-(1-hydroxymethyl)-nicotinate had been synthesized
by photo-irradiation in alcoholic solutions. The published
1 . .H NMR data for the ester of the 1-hydroxyethyl addition
product was in reasonable agreement with the data we 
obtained for the hydrolyzed V-EtONic complex.
Accordingly, we undertook the photochemical syn­
thesis of ethyl-6- (1-hydroxyethyl)nicotinate. Upon obtaining 
the desired photo-product, it was separated from unreacted 
starting material and by-products by silica gel chromatog­
raphy. The ester group was then hydrolyzed in a solution of 
KOH, and the pH was lowered to yield a neutral ligand via 
formation of the zwitterion, which was isolated by 
continuous extraction in CH2C12 .
The vanadium-peroxo catalyzed ligand product was
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isolated by a similar procedure. Hydrolysis of the complex
occured readily in KOH. The pH was lowered to 3.3, which is
the isoelectric point of nicotinic acid, and the ligand was
separated from vanadium by continuous extraction with
CH2C12 . During the course of the extraction, it was noted
that the solution being extracted turned from light yellow
1to green, signaling the reduction of V(V) to V(IV). A H NMR 
of for the extract indicated the presence of two products. 
6- (1-hydroxyethyl)nicotinic acid was detected as the minor 
component. The major component was identified as the ketone 
6- (1-oxoethyl)nicotinic acid by the strong aliphatic singlet 
and the downfield shift of the aromatic protons. This 
product arises from the oxidation of the alcohol consequent 
to the reduction of vanadium. Nevertheless, the quality of 
the spectrum permitted the assignment of chemical shifts and 
coupling constants to the 6- (1-hydroxyethyl)nicotinic acid 
component.
Table 7 lists the chemical shifts of the V-EtONic
complex, the extracted ligand product, our photo-product,
and the reported values for the ethyl ester of the
114substituted photo-product (note, shifts for the ester
group protons of the reported photo-product were not 
listed). All spectra were obtained using DMS0-d6 as solvent; 
the solvent for the ester product was not reported.
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Table 7. Chemical ishifts [ppm] of C-C addition
Complex Ligand
Prod.
Photo-
Prod.
Repor­
ted
HC2 9.93 8.96 8.98 9.00
HC4 8.69 8.26 8.28 8.19
HC5 8.11 7. 64 7.65 7.42
OH
-ch-ch3 6.61 4.79 4.80 4.84
OH
-ch-ch3 2.04 1.38 1. 39 1.43
The greatest deshielding of protons in the complex 
is observed for the methine proton, exhibiting a shift of 
1.8 ppm, and the next most significant shift is for the C-2 
proton, which is shifted downfield by 0.95 ppm. This 
strongly suggests bidentate chelation through nitrogen and 
the hydroxy oxygen.
Table 8 compares the coupling constants of the
complex with those found for the extracted ligand, the
photo-product, and for nicotinic acid , to illustrate the
identification of C-6 substitution. Figure 48 shows the
1relevant signals m  the H NMR spectra for the complex, the 
extracted ligand, the photo-product, and nicotinic acid 
ethyl ester to accentuate the similarities and the dif­
ferences between these spectra, and to emphasize that an 
ester formulation was not compatible with the data. Figure 
4 9 is a splitting diagram illustrating the proton coupling
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Table 8. Coupling Constants of C-C addition products: 
identification of substitution position.
Complex Ligand Photo- Nic 
Prod. Prod.
proton coupling v/ - [Hz.]
HC5 Para"HC2 n.o n.o n.o 0.9
ortho-H-,^
Lb
abs abs abs 4.8
ortho-H-.C4
(M•CO 8.2 8.3 7.9
HC4 ‘meta-H__Lb abs abs abs 1.8
meta"HC2 1.8 2.2 2.0 2.1
ortho-H__C5 8.2 8.2 8.2 8.0
HC6 meta-H_.C4 abs abs abs 1.8
meta-H__
l d
abs abs abs 4.9
HC2 para-HC5 n.o 0.6 0.8 0.8
meta-H..C4 1.4 2.2 2.1 2.1
OH
-ch-ch3
adj acent
6.4 6.6 6.7 abs
OH
-ch-ch3
adjacent
6.5 6.6 6.5 abs
Key: abs=absent; n.o=not observed; Nic=nicotinic acid
pp
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Fig. 48. Comparison of H NMR spectra of 
6- (1-hydroxyethyl)nicotinic acid and V-EtONic
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Fig. 49. Proton coupling diagram of V-EtONic
[OCVO(02)2(E+ON1c)}2]
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13Fig. 50. C NMR spectra of 
6- (1-hydroxyethyl)nicotinic acid and V-EtONic
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pattern in the complex. Ethyl esters of nicotinic acid and 
nicotinic acid,N-oxide were initially considered as reaction 
product candidates. These were ruled out because: 1) the
ester group splitting pattern would require a triplet for 
methyl protons adjacent to a methylene group, and 2) for­
mation of an ester cannot account for the absence of C-6
proton signals in the NMR.
13C NMR spectra were obtained for the potassium 
salts of the ligand product (formed by KOH hydrolysis of the 
V-EtONic complex), the potassium salt of the photo-product 
(obtained prior to formation of the zwitterion), and the 
potassium salt of nicotinic acid. Table 9. lists the 
chemical shifts obtained. This evidence confirms the iden­
tity of the product. Spectra showing the relevant carbon 
signals are depicted in Figure 50.
Table 9. 13C NMR Chemical Shifts
Assnm1t Ligand Photo K-Nic
prod.
*h-ch3 23.85 24.16
ho-ch-c*h3 70.78 70.78
C—4 120.45 120.47 126.60
C—5 131.55 131.60 134.98
C—2 139.26 139.28 140.32
Q 1 G\ 149.36 149.31 151.84
C-3 167.41 167.94 153.09
0-C*=0 (174.5) 174.18 175.56
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Assignments for ring carbon shifts were made on the
116basis of comparison of reference data and intensities.
Prior to the photochemical synthesis of the ethyl
13addition product, calculations of theoretical C NMR
chemical shifts for aliphatic, addition product carbons were
made and compared with the spectrum obtained for the ligand
in the hydrolyzed complex and with several model compounds.
The chemical shifts were calculated using methods outlined
111by Silverstein, Bassler, and Morrill. These compared
quite well with observed shifts. For a terminal methyl 
carbon in an skeleton with hyroxyl and phenyl groups located 
beta to the methyl the chemical shift is calculated to be:
5.7 + 10 + 9 = 24.7 ppm
C-l, ethane B-OH B-Phenyl
terminal terminal
For an internally positioned carbon with methyl, hydroxyl, 
and phenyl substituents, the shift calculation is:
5.7 + 9 + 41 + 17 =72.7 ppm
C-l, ethane @~CH3 @-OH @-Phenyl
internal internal internal
The calculations are based on adding incremental substituent 
shift parameters to the shift value of ethane.
Difficulty was encountered in finding data on
13 • 13suitable model compounds for C NMR comparison. Several C
117NMR spectra were obtained from the Sadtler Index. The
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system most nearly approximating the (1-hydroxyethyl) 
component of this ligand is found in isopropyl ester butyric 
acid. The isopropyl ester group contains a methyne carbon 
attached to an oxygen, a methyl carbon, and another carbon - 
which approximates the hybridization found in the (1- 
hydroxyethyl) group. In the model compound, the chemical 
shifts are 22.0 and 67.1 for the methyl and methine carbons, 
respectively. These compare reasonably with those found in 
the ligand: 2 4.4 and 71.3
' Further comparisons ruled out several functional 
groups absolutely, although it should be kept in mind that 
one or more of these may have been eliminated as pos­
sibilities on the basis of other chemical evidence. Groups 
which were eliminated on this basis include esters, 
epoxides, and vinyl esters. Refer to the reference spectra 
(not included) of isopropyl ester butyric acid, ethyl ester
benzoic acid, ethyl ester p-nitroben- zoic acid, vinyl ester
117acetic acid, and (epoxyethyl)benzene, for comparisons.
In the infrared spectrum (Fig. 51) , unusually high
-1V=0 and vanadium-peroxo frequencies occur at 995 cm and
-1 . . . . .934 cm , respectively. As noted earlier, significant
chemical shifts of the methine and HC2 protons in the NMR
spectra, indicated chelate coordination of the ligand. This
contention is further supported by the infrared spectra. No
indication of the N-H stretching frequencies typical of
—1protonated Nic is present m  the 3,100-3,3 00 cm region. At 
PH < 2, the pyridine ring nitrogen would certainly be
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protonated unless coordinated. Additionally, the antisymmet-
-  -1ric COO stretch at 1,7 06 cm and the presence of a broad
-1band of moderate to strong intensity at 1,2 79 cm are 
typical absorption bands of carboxylic acid dimers. This 
observation precludes the possibility of coordination 
through the carboxylato group.
T T
OH
CH
Fig. 51. Characteristic infrared regions in 
[0{V0(02)(6-(1-hydroxyethyl)nicotinate)>2]
A weak, broadened absorption with a maximum at 3,423 
cm-1 is assigned to the hydrogen bonding of the carboxylic 
acid. The absence of a definite peak in this region, 
together with the weak absorbance suggests that a water of 
crystallization is not present in this complex. Aromatic C-H
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stretches exhibit a peak at ca. 3, 080 cm . Aliphatic C-H
_1 _i
stretches are noted at 2,924 cm and at 1,423 cm . A C=C
-1
stretching band appears at 1,617 cm
Although the free ligand was isolated in a solid
1form sufficient to obtain an mterpretable H NMR spectra, 
the presence of impurities was also noted, thus, the 
infrared spectrum for the ligand product is regarded with 
skepticism.
The electronic absorption spectrum of the complex 
was studied in the solid state, and in the organic solvents 
DMSO and DMF. Absorption maxima in the 4 00-440 nm. range are 
consistent with the characteristics of a monoperoxo vanadium 
complex. Thetf-'tf* transfer band occurs at 266 nm in DMSO.
Table 10. U.V.-Vis Summary
Solvent Peak Position (nm.) £(L/cm. mole)
Solid State 435 + 10 ---
270 ---
DMSO 430 440
318-326 shldr. ---
266 11,500 - 12,115
DMF 408 397
268 5,984
142
The synthesis of these compounds has been attempted, 
following the same general procedure (Sec. 4.3) with the 
substitution of various alcohols. To date, succesful 
additions have been achieved with ethanol and n-propanol 
(Sec.3.3.b.). Unsuccesful attempts have been made with 
methanol, isopropanol, 2-propen-l-ol, isobutanol, and 
butanol. It is conceivable that the methanol and isopropanol 
analogs might be yet synthesized under slightly different 
conditions, however, higher molecular weight alcohols, such 
as butanol, show greatly reduced reactivity due to immis- 
cibility in the acidic-aqueous media.
To insure purity of reagent grade alcohols used in 
these syntheses, G.C. analysis was performed using a car- 
bowax column specially prepared for alcohol trace analysis. 
The following purities were ascertained: methanol - 99.89%; 
ethanol - 99.98%; n-propanol - 99.4 6%; isopropanol - 99.78%. 
Butanol was not analyzed. The discrepancy between the 
experimentally determined purities and the stated purity of 
reagent grade alcohols arises from the insensitivity of this 
column to the presence of water.
As noted earlier, ethyl-6-hydroxymethylnicotinate has
been prepared by photochemical addition of methanol and
115subsequent hydrogenation employing a palladium catalyst. 
This suggests that the methyl addition product might also be 
obtained through vanadium-peroxo catalysis. Notably, it has 
been observed that in the photo-induced reaction, the 
position of pyridine ring substitution is dependent on the
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functionality of the carbonyl group in nicotinic 
114 115acid. ' Photo-induced substitution at C-6 occurs only
in nicotinic acid-ethyl esters. Substitution at C-4 occurs
when the carboxylato group is ionized. Presumably, this
arises from a greater tendency for negative charge transfer
91 114to the carboxyl group instead of the nitrogen atom. '
Generally, the isolation of V-EtONic from the mother 
liquor must occur within a period of hours before it decom­
poses. Whether V-EtONic is obtained or not, it has been 
observed that the final product of this system is frequently 
an oxo-nicotinato-vanadium(V) complex which does not contain 
peroxide. This compound is obtained in relatively high 
yields (ca. 40%). Its formation is concurrent with the 
conversion of the formerly deep red mother liquor to a 
bright green mother liquor, indicating the probable for­
mation of V(IV) in solution.
The reaction sequence has been followed by UV-Vis 
spectrophotometry. Samples taken every hour over a course of 
14 hours required a 1:20 dilution in IN. H2S04 due to the 
high concentration of vanadium-peroxo species. A single 
peroxo-vanadium transfer band at ca.430 nm decreases in 
intensity with time, presumably because precipitation of the 
complex results in a decreased concentration of vanadium- 
peroxides in solution.
It seems likely that the alcohol addition product is 
a kinetic product, formed in a shallow energy well in small 
yields, while the oxo-nicotinato vanadium(V) product is a
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thermodynamically favored product.
One early question was: is all of the nicotinic acid 
in solution converted to the hydroxy-alkyl addition product 
by first forming the vanadium-peroxo adduct, then undergoing 
alcohol addition, and finally ligand product dissociation, 
freeing the coordination site for the next nicotinic acid 
molecule to react? Alternatively, is formation of the 
addition coupled to complexation, which causes the complex 
to precipitate? Two pieces of experimental evidence militate 
against, the first possibility. First, and most important, is 
the consistent- formation of the brown oxo-nicotinato- 
Vanadium complex as the final product. After formation of 
the initial and the final products, any residual nicotinic 
acid in solution must be present in relatively small 
concentrations. Furthermore, attempts have been made to 
isolate organic products in solution by extraction with 
ether after formation of the initial product and to sub­
sequently recrystallize any such product. This attempt was 
unsuccessful. Recently, however, a preparation of V-EtONic 
yielded a final solution of V(IV) from which the usual final 
product did not precipitate. An organic product has been 
isolated from this solution by continuous extraction with 
CH2C12, but the characterization of the extract is still in 
progress. This should provide a definitive answer to this 
problem.
The reaction appears to be specific to the vanadium- 
peroxo system as attempts to repeat this procedure using
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analagous methods and conditions but substituting molybdenum 
for vanadium failed to produce any precipitate whatsoever.
A control experiment was also run in which all 
reagents except vanadium were included in an analagous 
preparation. After several days, no precipitate was formed. 
Continuous extraction of the reaction mixture yielded 
unreacted nicotinic acid, according to the infrared 
spectrum.
The conclusion of these studies is that the alcohol 
addition product is a kinetically favored result of vanadium 
catalysis. It seems likely that the equilibrium of this 
reaction could be shifted in favor of the product if the 
correct reaction variable could be determined and adjusted. 
Perhaps replenishing the peroxide as the reaction proceeds 
would result in a greater product yield. However, under the 
present reaction conditions, the oxo nicotinato-vanadium(V) 
compound, formed without peroxide, appears to be the ther­
modynamically favored product. This complex has also been 
prepared in high yield by an independent method from 
solutions in which no peroxide is present.
Analytical, chemical, and spectroscopic evidence 
suggests two potential structures for the V-EtONic complex. 
One structure, corresponding to the formulation 
[0{V0(02) (6- (1-hydroxyethyl)nicotinate)>2] might be an oxo 
bridged dimer. This would help explain the insolubility of 
this complex in water, although insolubility may simply 
arise from organic nature of the ligand product. With each
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vanadium coordinated to a double bonded oxo ligand, a peroxo 
ligand, a bridging oxygen, and chelated by the nitrogen and 
the hydroxo oxygen, a hexa-coordinate structure emerges. In 
the absence of a cation, however, the hydroxo group must 
remain protonated in order to maintain the charge neutrality 
of the ligand. Of the reported peroxo-vanadium, peroxo- 
molybdenum crystal structures, the coordination of a 
protonated hydroxo group appears in only one: 
MoO(02)2{(S)-MeCH(OH)CONMe2), Figure 13, Sec.2.2.c.1.39 In 
this structure, the hydroxo oxygen is only weakly coor­
dinated in the position trans to the apical oxo ligand. In 
1contrast, the H NMR shift of the methine proton of 1.8 ppm 
in the V-EtONic complex indicates that the hydroxo is 
tightly bound to the vanadium. This important fact favors 
the monomeric VO(02) (6-(1-hydroxyethyl)nicotinate) for­
mulation. This would require a pentacoordinate, square 
pyramidal geometry, which is reasonable for vanadium, but 
which has not been reported for a V(V) peroxo complex. 
However, such a structure, in which the ligand chelation is
very similar to that found in the peroxo-picolinato V(V) and
14 46Mo(VI) complexes ' , would explain the strong bonding of
the hydroxo group. This possibility is compatible with an
electronically neutral V(V) complex with a deprotonated
hydroxo group and a hydrogen bonded carboxylic acid dimer.
1
In conclusion, the H NMR spectrum of the complex 
(in DMS0-d6) displays some interesting features which may 
provide some insight concerning intermediates in the for­
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mation of the alcohol addition product. Three distinct 
patterns are superimposed here. The most intense pattern is 
that of the V-EtONic complex ligand. Complexation of the 
ligand product, which possesses a chiral center at the 
methine carbon, provides the potential for formation of two 
diastereoisomeric forms of the complex. The doublet at 1.7 6 
ppm is of considerably less intensity than that at 2.04 ppm, 
but the coupling constants of these peaks are the same, 6.4 
Hz. Clearly, this suggests the presence of diastereoisomers. 
The second pattern is that of nicotinic acid. The nicotinic 
acid proton signals exhibit significant downfield shifts, 
suggesting complexation of Nic through nitrogen. The third 
pattern corresponds to the presence of an ethyl group. The 
chemical shifts of these signals are not compatible with an 
ester group, and suggest the possibility of coordinated 
ethoxo, rather than ethanol. Table 11 compares the chemical 
shifts observed in the complex with those expected for 
uncomplexed free ligand shifts.(See spectrum, App. 6.2.a.)
It is important to note that microscopic inspection 
of the crystalline precipitate reveals only one crystal 
type, free of impurities. The pattern corresponding to 
ethoxo is both unexpected and unusual in a complex 
precipitated from aqueous media. It is significant that no 
hydroxy group signal is observed in this spectrum. The 
intermediate suggested by this spectrum involves the 
reasonably stable coordination of an ethoxo ligand proximate 
to a nitrogen coordinated nicotinic acid. Subsequent free
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radical generation may lead to C-6 addition. The fact that 
consistent C, H, N, elemental anayses are obtained for V- 
EtONic, which may contain a minor, but still significant
amount of an intermediate, strongly suggests that the ob­
served signals are not due to random Nic or EtOH impurities
in the lattice. Caution should be excercised in placing too 
much emphasis on this spectrum, however, as it has been 
observed that the complex reacts violently with DMSO in
concentrated solutions.
Table 11. Possible intermediates in V-EtONic
6-(1-hydroxyethyl) 
nicotinic acid Nicotinic Acid Ethanol
[ppm] comp comp free comp free ester
HC2 9 .93 9.28 9.15
---  ---  ---
HC6 abs 8.94 8.83
--- --  --
HC4 8 .70 8 . 55 8. 35
---  --  --
HC5 8 .11 7.85 7.98
--  --  --
OH
-c h-c h3 6. 62 -- -- 3.44 2.58 4.38
OH
-c h-c h3 2 . 04 
1.76
-- -- 1.05 1.22 1.40
Key: comp=spectrum of complex; free=spectrum of free ligand
ester=Nic ethyl ester
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3-3.b- [0{VO(02)(6-(hydroxypropyl)nicotinate)>2]
A propanol analogue of V-EtONic has been prepared by
the following the same procedure used for V-EtONic but
1substituting n-propanol for ethanol. H NMR confirms C-6 
substitution. Triplet, quintet, and triplet signal patterns 
correspond to the methine, methylene, and methyl protons 
respectively, as expected. Coordination of the heteroligand 
through nitrogen and oxygen is indicated. Pale orange pris­
matic crystals precipitated from an acidified aqueous peroxo 
media of pH < .2. The complex, V-PrONic, was analyzed by
elemental analysis and by cerium and thiosulfate titration.
1To date, characterization of V-PrONic has been limited to H
13NMR and infrared spectroscopy. C NMR and electronic
1
absorption spectroscopy, as well as further H NMR work 
should be undertaken in order to complete characterization 
of this complex.
As with V-EtONic, two molecular formulations are 
compatible with elemental analysis. The dimeric formulation 
[0{V0(02)(CgH11N03)}2] requires: V, 17.7? 0 , 36.1; C, 37.5; 
H, 3.8; N, 4.9. The monomeric formulation V0 (02)(CgH1QN03) 
requires: V, 18.23; 0, 34.40; C, 38.73; H, 3.61; N, 5.02.
Elemental analysis found: V, 17.28; 0, 34.26; C, 38.73; H,
3.70; N, 5.07. Peroxide titration results are expected to be 
11.1% and 11.5% for the formulations, respectively. Thiosul­
fate titration indicated 10.8% peroxide and 17.2% vanadium. 
Cerium titration yielded a result of 10.2% peroxide.
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A weak absorption in the 3,400 cm 1 region of the 
infrared spectrum is typical of a carboxylic acid dimer.
(Fig. 52) Other carboxylic acid bands are: 1,709 cm 1, COO-
—1 — “188 antisym. ; 1,42 2 cm , COO sym. ; 1,2 69 cm . Again, the
position of the antisymmetric band and the difference of 287 
-1
cm between the antisym. and sym. bands confirm a 
protonated, uncoordinated carboxylato group. Aromatic and
1600 10OO
Fig. 52. Characteristic infrared regions in 
[0(V0(02)(6-(hydroxypropyl)nicotinate)} ]
aliphatic C-H stretching bands are observed at 3,072 cm 1,
-1 -12,975 cm and 2,930 cm . A split vanadyl (V=0) absorption
-1 -1occurs at 995 cm and at 981 cm . As with V-EtONic, these
frequencies are quite high for a vanadium peroxo complex. In
3000
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conjunction with 1H NMR evidence, the double absorption band
is suggested as an indication of the presence of
104diastereoisomers. The vanadium peroxo band occurs at 93 3 
-1cm
NMR spectra of reasonble quality were obtained in 
D^O—KOH, (Fig. 53), and in DMF-d7. An attempt to obtain a 
DMS0-d6 spectrum indicated that solvent interaction with the 
complex is significant. The aromatic proton signal patterns
1 o7 5 4 3 2910
Fig. 53. NMR spectrum in D20-K0H of 
[0{V0(C>2) (6-(hydroxypropyl) nicotinate) >2]
typical of C-6 substitution are present in both of the 
spectra, and are in agreement with the results discussed in 
Sec. 3.3.a.. The primary feature identifying propanol 
addition at C-l is the replacement of the methylene sextet 
by a quintet which is observed in the D20-K0H spectrum. A 
nearby doublet appears in this spectrum which can be shown
152
on the basis of coupling not to be a component of the quin­
tet signal. The doublet may arise from some impurity present 
in the NMR sample tube, or it may arise from a small amount 
of beta-addition product. The methine triplet is obscured by 
solvent in the D20-K0H spectrum, but it is observed in the 
DMF-d7 spectrum. The strong methyl triplet pattern is ob­
served upfield of the quintet in the D2<0-KOH spectrum. Both 
of these signals are perturbed in the DMF-d7 spectrum. It is 
likely that the signal broadening in this spectrum arises 
from the presence of some paramagnetic vanadium(IV). 
However, some signal perturbation may also arise from the 
presence of diastereoisomers, and this seems to be indicated 
by the change in the overall splitting pattern. Finally, the 
possibility of solvent interaction must be considered. The 
chemical shifts of the V-PrONic heteroligand protons are 
listed in Table 12. The spectrum of the complex in DMF-d7 is 
compared with that of the hydrolyzed complex in D20-K0H and 
with the spectrum of the V-EtOnic complex in DMF-d7.
Table 12. Chemical shifts [ppm] of C-C addition products 
V-PrONic V-PrONic V-EtoNic
DMf-d7 d2o-koh DMF-d7
HC2
HC4 
H6
methine
methylene
methyl
9.7
8.8 
8.2 
6.7 
1.2 
0.7
8.61
7.98
7.29
(4.5)
1.56
0.61
10.12 
8. 79 
8.21 
6.68
2 . 2 0
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Although this complex has not been characterized as 
extensively as the V-EtONic complex, the molecular for­
mulations and the spectral evidence obtained to date agrees
with the results which were predicted for a propanol
1addition product based on the V-EtONic results. Future H 
13NMR and C NMR work is expected to further confirm the
supposition based on the present evidence that V-PrONic
complex has a very similar structure to that of V-EtONic.
One further point bears consideration. Since there
is no mechanism for asymmetric induction in the C-C
addition, both possible enantiomers of each ligand product
should be formed. Complexation through both nitrogen and
hydroxo will result in diastereoisomeric products in the
complex. A confirmation of the presence of diastereoisomers
is then an irrevocable proof of nitrogen-oxygen chelation.
While the spectral evidence obtained to date generally
confirms this, at least one spectrum of the hydrolyzed V-
EtONic complex exhibits a second doublet upfield of the
methyl doublet. Since there should be no mechanism for
diastereoisomeric induction in the hydroxyzed complex, this
signal may arise from an unidentified component in the
1
complex or m  the NMR tube. Future H NMR work should be 
directed toward ascertaining the source of this signal. The 
complex can be hydrolyzed by the addition of KOH to organic 
solvents as well as to D20. It is suggested that future NMR 
experiments run in organic solvents include obtaining a 
spectrum of the hydrolyzed sample after each spectrum of a
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complex is obtained. An analysis of the changes in signals 
attributed to diastereisomeric products should confirm 
absolutely the already substantial evidence for nitrogen- 
oxygen chelation in these complexes.
3.4. Peroxo complexes of V(V) with L-cysteine
3.4.a. MI2[V0(02)2Cys]f (M+ = K, Rb, Cs)
A stable, crystalline peroxo complex of vanadium(V)
with L-cysteine has been isolated from aqueous media of pH =
16-8.5, m  yields of 60-80%. H NMR and infrared spectra
indicate bidentate coordination of L-cysteine through car-
boxylato and sulfur. Although several molybdenum(VI) of-amino
32acid complexes have been obtained, this represents the 
first vanadium peroxo complex with an -amino acid, despite 
extensive attempts to obtain such complexes with glycine, 
proline, alanine, and valine. The difference in this reac­
tivity probably arises from the coordination of sulfur. 
Sakurai, et.al.,104'105 previously reported sulfur coor­
dination of L-cysteine and L-cysteine methyl ester with 
V(IV). The complex we now report, represents the first 
combination of sulfur and peroxo ligands in the same coor­
dination sphere. Potassium, rubidium, and cesium salts of
1the complex display nearly identical H NMR and infrared
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spectra. The complex is soluble in water only.
The complexes were analyzed by elemental analysis
and by thiosulfate titration for vanadium and peroxide. 
Table 13 compares the analytical results with theoretical 
percentages.
Table 13. : Elemental analyses of MX2[v° (°2 ) 2 (L-Cys)
Element: V °22' c H N S
K H II +
Theor. 15.5 19.4 10.9 1.82 4.25 9.72
Found 15.7 19.8 10. 0 2.16 4.03 9.18
M1 = Rb+
Theor. 12.1 15.2 8.53 1.42 3.32 7.58
Found 12.7 15.8 8.68 1.87 3.39 7.61
M1 = Cs+
Theor. 9.85 12.4 6.97 1.16 2.71 6.19
Found 9.96 12.5 6.67 1.43 2.50 5.84
Analysis of potassium, rubidium, and cesium is in progress.
The discussion of the spectroscopic features of the
complex MI2 [VO (C>2) 2 (L-Cys) ] , (V- ( L-Cys) ) , will focus on the
results obtained for the potassium salt of the complex, 
since the fundamental properties of all three salts are very 
similar. The infrared spectrum of L-cysteine, free base 
(Fig. 54) , which connotes L-cysteine in its zwitterionic
form, reveals characteristic absorption bands at: 2,550
-1 -1 + cm , (S-H) ; 2,070 cm , (NH3 ). A strong, broad, complex
-1 .absorption band at 1,590-1,630 cm is typical of antisym­
metric COO~ and NH3+ stretching.
Disappearance of the S-H stretching band in the
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spectra of the complex (Fig. 55) strongly indicates coor-
92 95 101 104 105 dination of the ligand through sulfur. ' ' ' ' The
COO antisymmetric stretch at 1,622 cm is resolved m  the
complex, and is therefore distinguishable from the NH3+ band
-1 -1 at 1,589 cm . Metal-oxygen frequencies at 944 cm and at
-1
870 cm correspond to the V=0 and vanadium-peroxo
absorptions, respectively. A strong, broad absorption in the
-I . . . .2,800-3,400 cm region showing a maximum intensity at 3,120
-1 + cm is indicative of NH^ amino group stretching fre­
quencies and hydrogen bonding, but does not indicate the 
presence of water.
Metal complexes which are coordinated through the
amino group generally exhibit an NH2 absporption band be-
-1 95 101tween 3,200-3,350 cm . ' The absence of this band in
the complex, coupled with the observed frequencies of the
- —1 +  antisymmetric COO stretch (1,622 cm ), and the NH^ defor-
-1mation band (1,589 cm ) indicate that the L-cysteine ligand
is also coordinated through the carboxylato group.
1 13H and C NMR spectra of the complexes confirm
1bidentate coordination of the L-cysteine ligand. The H NMR 
spectrum of the L-cysteine zwitterion in D20 is unremar­
kable, with a methylene doublet at 3.15 ppm and a methine 
triplet at 4.08 ppm. A coupling frequency of 4.9 Hz. is 
reflected in each signal. In the spectra of the V-(L-Cys) 
complexes, vicinal and geminal coupling patterns emerge due 
to the sterically hindered, bidentate ligand. (Fig. 56) Each 
proton signal is split into a doublet of doublets. A geminal
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Fig. 54. Characteristic infrared regions of L-Cysteine
Cysteine
1(500
Fig. 55. Characteristic infrared regions of [VO (C>2) 2cys]
iso* 1 ' J5e* ' ' zioz 1 20**
.tZTZ
d!
Fig. 56. H NMR spectra of L-Cysteine 
and Rb2[V0 (02)2Cys]
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Fig. 57. Proton coupling diagram of 
Rt>2[V0(02)2Cys]
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coupling frequency of 15.0 Hz. is reflected in the methylene
proton signals, which occur at ca. 3.4 ppm and 3.7 ppm.
Vicinal coupling frequencies of 3.1 Hz. and 10.1 Hz. corres­
pond to large and small dihedral angles, respectively,
between the vicinal protons. The methine signal is observed
at ca. 4.2 Hz.
1 . .The H NMR spectrum of the rubidium salt of V-(L-
Cys) is typical of the spectra obtained for various
preparations of the complex, and is shown, with a splitting 
diagram in Figure 57. The observed chemical shifts do not 
vary by more than + 0.03 ppm between respective signals in 
the various salts. The coupling constants are within + 0.1 
Hz.
Considerable difficulty was encountered in attempts
13to obtain a satisfactory C NMR spectrum for any of the V- 
(L-Cys) preparations. The primary difficulty lies in 
interpreting a band in the downfield region which is due to
a "foldover" effect of the machine. The close proximity of
the foldover band to the carbonyl carbon band does not allow 
assignment of a carbonyl band with any degree of certainty. 
Furthermore, experiments to ascertain the source of this 
extra band have not been successful. However, if we 
concentrate on the upfield region which contains the C2 and 
C3 bands, important information concerning the sulfur- 
bearing C3 is apparent.
In the L-cysteine spectrum, C3 appears at 70.66 ppm, 
and C2 appears at 53.63. In the K+V-(L-Cys) spectrum, the C2
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and C3 peaks occur at 51.24 ppm, and 52.18 ppm, and in the
C+V-(L-Cys) spectrum, the signals occur at 51.57 ppm. and at
52.28 ppm. (Fig. 58) Thus we see an upfield shift of 18-19
111ppm for the C3 carbon. Silverstem, Bassler & Morrill
13 . . . .note that C chemical shifts are moved significantly
upfield by steric compression. The possibility that the C3
shift might be due to pH effects has been eliminated by
obtaining spectra of the free ligand at pH=1.5, which is the
pH of the concentrated solutions of the complexes which were
run.
In the solid state, electronic absorption maxima of
the complex are observed at 325 nm. (shoulder) and at 280
nm. L-Cysteine is featureless in this region. Insolubility
of the complex in organic solvents precluded obtaining these
spectra. In the pH range pH>3, the peroxo-metal transfer
band occurs at 318-3 2 6 nm. At pH=2, a shoulder begins to
form at ca. 290 nm. In solutions of pH<2, two absorption
bands are noted. The band at 456 nm indicates partial
dissociation of the complex and the presence of the V0(02)+
cation. The shoulder at 2 78 nm. indicates the existence of a
second species and may represent a heteroligand donor atom-
metal transfer.
1 13The H and C NMR spectral patterns of the complex 
require that chelation of L-cysteine involves sulfur. 
Infrared spectra indicate that the second coordination 
occurs through carboxylato. The amino group is then posit­
ively charged, resulting in an overall charge of (-1)
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13Fig. 58. C NMR spectra of L-Cysteine and its 
peroxo-vanadium(V) complexes
C s 7 IV0(07 )7 (c y s )1H?0
K7 [V0(0o )o (c y _s )1H70
CYSTEINE
D 0(39.5 ppm DMSO)
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for the ligand. The ncombination of an oxo ligand, two 
peroxo ligands and the bidentately coordinated L-cysteine 
ligand about vanadium(V) results in a heptacoordinate, 
dinegative complex cation. This formulation is compatible 
with elemental analyses, spectroscopic information, and the 
known coordination chemistry of vanadium(V) complexes. It is 
also possible, although less likely, that L-Cys is chelated 
through sulfur and nitrogen. This formulation would require 
protonation of sulfur or carboxylato to maintain charge 
balance. Absence of the strong S-H band in the infrared 
spectrum militates against a protonated sulfur. If the 
carboxylato group were coordinated, the COO antisymmetric 
frequency should occur at ca. 1,710 cm 1, which is not 
observed. These formulations are portrayed in Figure 59.
Extensive attempts to prepare analagous complexes 
with S-methyl-L-cysteine, L-cysteine ethyl ester, and L- 
cystine were unsuccessful. Acknowledging that a negative 
result is not a positive proof, it is nevertheless suggested 
that if coordination of the ligand occurred through the 
amino and carboxylato groups, S-methyl-L-cysteine should 
form an analagous complex to that observed. Similarly, if 
coordination of the ligand occurred through the thiolate and 
amino groups, the ethyl ester analogue should form.
Attempts to prepare a complex with the dimer L- 
cystine inevitably resulted in spontaneous, violently 
exothermic reactions and did not yield precipitate of 
uniform composition.
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Fig. 59. Possible structures of the 
[V0(02)2 (L-cys)]2“ ion.
_  2 “
2-
3.5. Peroxo Complexes of Mo(VI) with L-cysteine.
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The peroxo-L-cysteine-molybdenum(VI) system has been
studied extensively, however, reproducible results leading
to complexes of uniform composition have not been obtained.
In general, liquid mixtures of high viscosity result from a
variety of preparatory procedures. Over a period of days,
such mixtures may harden into glasslike solids, however, the 
1H NMR infrared, and elemental analyses are inconsistent 
among various preparations obtained from identical proce­
dures. It seems likely that L-cysteine does coordinate with 
peroxo-molybdenum species, but that redox processes invol­
ving sulfur, peroxide, and molybdenum result in precipitates 
of mixed composition. In at least one preparation, 
deamination of the heteroligand was observed. Furthermore, 
recent results indicate that L-cysteine may be oxidized to 
L-cysteine sulfonic acid by peroxo-molybdates in the course 
of some trial preparations.
As with vanadium, S-methyl-L-cysteine, L-cysteine 
ethyl ester, and L-cystine have been employed as potential 
heteroligands without success. L-cystine is violently reac­
tive in this system.
The preparation of a viable peroxo-molybdate complex 
with L-cysteine may be possible, however, this system is 
complicated and will require extensive work to characterize 
it.
4.1. EXPERIMENTAL
4.1.1. K2[V202 (02)4Nic](H20)
V2C>5 (0.91 g. , 10 mmole V) was dissolved with KOH
(0.70 g. , 12 mmole) in water (10 ml.) by stirring at 40-50?
C, resulting in a clear mixture. H2<02 (about 0.5 ml, 3 0%) 
was added to insure complete dissolution of the vanadium at 
which point the solution was clear to faintly yellow in 
color. The solution was removed from the heat and allowed to 
cool. Then it was placed in an ice bath under stirring while 
H202 (5 ml, 30%, 48 mmole) was added, creating a clear
(sometimes cloudy) yellow mixture. Gradually, NAc (1.23 g., 
10 mmole) was added, pH=4. The addition of ca. 3/4 of the 
nicotinic resulted in a clear solution, and in accordance 
with the stoichiometry of the product, may be all that is 
required to isolate the pure product. Addition of the 
remaining 1/4 of the nicotinic acid caused the solution to 
become cloudy. After several minutes of continued stirring, 
the soution was heated to 40°c. under stirring for 2 0', then 
filtered rapidly. The solution was poured into a clean 
beaker, pH = 3.0. The microcrystalline precipitate formed
- 166-
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over a period of one hour to fourteen hours. The precipitate 
was filtered and washed with 1 x 5 ml. of H20 (cold) and 3 x 
5 ml. of EtOH (cold). The mother liquor then had pH = 5-6. 
The product yield is in the range of 1.1 g. to 1.3 g. (2 3%- 
28%) . The complex is soluble in water, DMSO, and DMF. The 
crystals are small yellow prisms and aggregates of prisms.
4.1.2.a.Mo0(02)2 (Nic)H20 and
u -0{Mo02 (02)(Nic)H20}2
MoO^ (1.41 g. , 9.80 mmoles) was dissolved under
stirring at 50 - 60° C for 5-6 hours in H2C>2 (30%, 10 ml., 97 
mmoles). Undissolved solid that remained was removed by 
filtration. Nicotinic acid (1.23 g., 10.0 mmoles) was
gradually added under stirring to the warm solution at about 
60° C., and the reaction mixture was kept at this temperature 
under stirring for 6 hours. The temperature was then raised 
to 75*C. and H202 (30%, up to 30 ml., 291 mmoles) was added 
to dissolve undissolved reactants. After 3 0 minutes at 75°C. 
any remaining undissolved solid was removed by fitration and 
the clear mother liquid was left standing at room tem­
perature, ph=l. Yellow crystals appeared within 3 0 min. to 6 
hours. The pH prior to and after precipitation was ph = 1-2. 
The product yield was 1.4 - 2.0 g. (45%-65%) . Crystals left 
standing in the mother liquid or more that six hours may 
produce nearly identical IR's, but the percentage of
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peroxide in the complex is considerably less. The yellow 
prismatic crystals are soluble in water, DMSO, and DMF.
4.1.2.b. Mo02 (02)(Nic)(NicN-0)H20
4.1.2.b.l. Method 1. Beginning with nicotinic acid.
Nicotinic acid (2.46 g. , 20.0 mmoles) was dissolved 
in H202- (30%, 10 ml., 97 mmoles) and MoO^ (1.43 g. , 10.0
mmoles) was added while stirring the mixture at 40-50 c. for 
5 hours. H2C>2 (30%, 10 ml., 97mmoles) was then added to the
cloudy solution and the reaction mixture was left stirring 
at 40° C . for another 10 hours. The temperature was then 
raised to 75°C, when more H202 (30%, 10 ml., 97 mmoles) was 
added slowly, followed by the addition of water (10 ml.) in 
order to achieve a clear solution, and to replenish water 
which evaporates in the process. The heating and stirring 
was continued for another 6-7 hours. (Caution: if stirring
is stopped, the solution may bubble over at this temp.) The 
hot solution was filtered quickly (warming the buechner 
funnel and filter flask to 75°C prior to filtering) yielding 
a clear, yellow mother liquid of pH = 2. Crystalline crops 
removed within 6 hours consisted of pale yellow microcrys­
tals, which were washed with ice cold water (1 x 5 ml.) and 
ice cold ethanol (1 x 5 ml.) The product yield was 1.2g. - 
1.5 g. (25-40%). The complex is slightly soluble in water,
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but more soluble in DMSO and DMF. Concentrated solutions of 
the complex in DMSO may react violently.
Note: In one preparation, 8-12 hours after the removal of
the initial crop, a precipitate formed with two distinct 
crystal types: 1) the initial Mo complex, 2) colorless
needles which were identified by IR, mass-spec, and melting 
point as nicotinic acid, N-oxide.
4.1.2.b.2. Method 2: Beginning with Nicotinic acid, N-oxide
Mo03 (1.41 g. , 9.80 mmoles) was dissolved under
stirring at 50 - 60°C for 5-6 hours in H202 (30%, 10 ml., 97 
mmoles). Undissolved solid that remained was removed by 
filtration. Nicotinic acid, N-oxide (1.39 g. , 10.0 mmoles)
was added gradually under stirring to the solution which was 
then warmed to 75°C. After an hour some water had evaporated 
and the temperature of the solution had dropped to 65° C. 
Water was added (5 ml.), followed by the addition of H2C>2 
(30%, 2 ml, 19.4 mmole). The temperature was raised to 75°C 
and water (5 ml) and H2C>2 (30%, 2 ml, 19.4 mmole) was added. 
Precipitate formed within 1-6 hours and was washed with ice 
cold water (1 x 5 ml) and ice cold ethanol (3 x 5 ml) . A 
yield of 1.1.9 - 1.3 g. (20-40%) was obtained. The yellow 
crystals were found to have identical analytical, and 
spectral properties to those obtained in Sec. 4.1.b.2.1.,
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above.
4.1.3.a. VO(02){6-(1-hydroxyethyl)nicotinate}
V205 (0.91 g. , 10 mmole V) was dissolved with KOH
(0.92 g. , 16 mmole) in water (10 ml.) by stirring at 40-50
C, resulting in a clear mixture. H2C>2 (about 0.5 ml, 3 0%) 
was added to insure complete dissolution of the vanadium at 
which point the solution was clear to faintly yellow in 
color. The solution was removed from the heat and allowed to 
cool. Then it was placed in an ice bath under stirring while 
H2C>2 (5 ml, 30%, 48 mmole) was added, creating a cloudy
yellow mixture. Gradually, nicotinic acid (2.46 g., 20
mmole) was added, pH=4. The solution was allowed to react 
under stirring in the ice bath for one hour, after which, 
EtOH (5 ml, 95%, 83 mmole) was added. Then, H2S04 (72 ml,
IN., 36 mmole) was added over a period of 20*. Finally, 10 
ml. of 95% EtOH (10 ml, 95%, 166 mmole) was added. Stirring 
was continued for 2 minutes. The stir bar was removed and 
the solution was left in the ice. At this point, the mother 
liquor was a deep burgundy color. The ice bath was allowed 
to warm slowly, equillibrating with room temperature. After 
201-30', small bubbles, presumably oxygen but possibly 
hydrogen or a mixture of these, were noted to evolve 
steadily. Three to seven hours later, a red crystalline 
precipitate formed, (0.5-0.7 g.). Microscopic examination
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revealed distinctive, amber, scalloped shaped crystals. 
These were filtered and washed with 1x5 ml. of H20 (cold) 
and 3x5 ml. of EtOH l(cold). The crystals are soluble in 
DMSO and DMF and are hydrolyzed by KOH.
4.1.3.b. Isolation of 6- (1-hydroxyethyl)nicotinic acid from 
the vanadium(V) complex.
1.0 g. of the complex obtained from procedure
4.1.3.a was hydrolyzed by addition of a solution of conc. 
KOH. The pH of the solution was lowered to pH=3.3 by 
addition of 4N. HC1. The final solution, 8ml. in volume, was 
continuously extracted by CH2C12 over a period of 48 hrs.
4.1.3.C. 6-(1-hydroxyethyl)nicotinic acid via photochemical 
addition
114 . .The method of Takeuchi, et.al. was modified to
obtain the desired final product. The ethyl ester of
nicotinic acid was prepared by refluxing nicotinic acid and
ethanol in conc. H2S04 . After isolation of the ester, C-l
addition of ethanol to the C-6 position of the pyridine ring
4
was accomplished by irradiating the sample in excess 
absolute ethanol with a 450 watt, medium pressure Hanovia 
through quartz optics. The desired addition product was
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separated from unreacted starting material by silica gel 
chromatography, using CH2C12 as eluent. The ester group was 
then hydrolyzed with KOH. The solution was acidified with 
4N. HC1. to pH=3.3, and the final product was isolated by 
continuous extraction with CH2C12.
4.1.3.d. [0{V0(02)(6- (hydroxypropyl)nicotinate)>2]
A procedure identical to that outlined in Sec.
4.1.3.a. was employed, with the substitution of propanol for 
ethanol. The crystals are lighter in color than those of the 
ethanol addition analogue, and are obtained in poorer yield: 
(0.2-0.5 g.) These crystals do not have the distinctive
scallop shape of the ethanol addition analogue, but are a 
combination of prisms and flower shaped aggregates. 
Solubility: DMSO, DMF.(Hydrolyzed by KOH.)
4.1.3.e. Variations of 4.1.3.a. with acids of increasing 
normality.
Proportionately smaller quantities of acid may be 
employed with increasing acid strength. Successful 
preparations have been achieve with IN. 2N. and 4N. H2S04, 
however, the reaction proceeds much more quickly, and must 
be watched more closely. The formation of a nicotinic acid
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complex with vanadium(V) which did not contain peroxide was 
initially detected as the final product in these 
preparations. It is thought that this may be due to excess 
acid. Therefore, the procedure is best carried out in IN. 
acid.
4.1.3.f. Variations of 4.1.3.a. with various alcohols.
In addition to the preparations outlined above, 
attempts to achieve substitution products with methanol, 
isopropanol, 2-propen-l-ol, isobutanol, and butanol, have 
been made unsuccessfully. It is conceivable that the 
methanol and isopropanol analogs might yet be synthesized 
under slightly different conditions, however, higher 
molecular weight alcohols show greatly reduced reactivity 
due to immiscibility in the acidic-aqueous media.
4.1.4.a. K2[V0(02)2Cys]
V205 (0.91 g. , 10.0 mmole V) was dissolved with KOH 
(1.15 g. , 20.5 mmoles) in water (10 ml.) by stirring at 50
to 60° C . H202 (30%, about 0.5 ml) was then added to insure
complete dissolution. Cysteine (1.21 g. , 10.0 mmoles) was
added to the clear solution at room temperature, at once, 
resulting in a clear, purplish-black solution pH>10. The
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reaction mixture was put in an ice bath under stirring while 
H202 (30%, 6 ml., 116 mmoles) was added dropwise, and was
then stirred at room temperature for about 2 hours, or until
the evolution of gas could no longer be detected.
(Precipitate formed through the course of peroxide addition, 
but this initial precipitate may contain some unreacted 
peroxo-vanadates.) Stirring was then stopped for 15'-30' 
while the precipitate settled to the bottom of the flask. 
The pH at the time of filtration is pH=6-8.5. The crystal­
line precipitate was filtered and washed with ice cold water
(1 x 5 ml.) and ethanol (3 x 5 ml.) A yield of 60-80% was
obtained.
4.1.4.b. Rb2[V0(02)2Cys] , Cs2 [VO(C>2) 2Cys]
The rubidium and cesium salts were prepared by 
analagous procedures to those outlined in 4.1.4.b. with the 
following alterations. NaOH (0.80 g. , 20 mmoles) was
substituted for KOH in the initial step. Prior to adding the 
6 ml. portion of H202, RbCl (2.42 g. , 20 mmoles) or CsCl
(3.38 g., 20 mmoles) was added.
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4.2. Chemical analysis
4.2.1. Peroxide analysis by Ce(IV) titration
Cerium(IV) is reduced by peroxides to yield Ce(III) 
and molecular oxygen according to the equation:
4+ 2- 3+2Ce + 02 =*-2Ce + C>2
Thus, there is a 1:1 ratio between equivalents of Ce and 0.
In the general procedure, 15 mg.- 30 mg. of sample 
are dissolved in 8 ml. of 2N. H2S04 and 8 ml. of D.I. H20. 
The solution is titrated with a 0.04XX N solution of Ce(IV). 
The percent composition of peroxidic oxygen is then cal­
culated by the equation:
(ml Ce(IV) used)(meq/ml Ce(IV))(mg/meq (0})(100%)/(mg sample)
4.2.2. Vanadium and Peroxide analysis by Iodometric- 
Thiosulfate titration
The addition of iodide ion to a solution containing 
peroxo vanadates(V) results in the reduction of V(V) to
V(IV) with the formation of iodine, and the formation of
water from peroxide with the consequent formation of iodine:
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V(V) + I -► V(IV) + 1/2 I 
4H+ + 022" 2l“ -► 2H20 + I
Iodine can then be titrated with thiosulphate
2So0 2" + I_ -► S„0 2~ + 21”2 3 2 4 6
The iodine generated corresponds to vanadium:peroxidic- 
oxygen ratios of 1:2 in a monoperoxo complex and 1:4 in a 
diperoxo complex. Since each equivalent of iodide used 
initially corresponds to one equivalent of thiosulphate, 
each equivalent of thiosulphate used indicates either 1/3 or 
1/5 of an equivalent of vanadium for monoperoxo complexes 
and diperoxo complexes, respectively. Similarly, each 
equivalent of thiosulphate used indicates either 2/3 or 4/5 
of an equivalent of peroxidic oxygen. Caution must be exer­
cised in analyzing a complex in which the number of peroxo 
ligands per vanadium has not been ascertained, which 
requires further elemental analyses.
In the general procedure, 15 mg.-3 0mg. of the sample 
is dissolved in 2-3 ml of D.I. H20. To this, KI (0.5 g) is 
added, followed by the addition of H2SC>4 (10ml. IN). The 
solution is heated to 4 0° C, removed immediately, then 
allowed to cool for 30'. The solution can then be titrated 
with Na2S203 (0.05 N). The«thiosulfate used is determined by 
weight and the vanadium and peroxidic oxygen in the sample 
can be calculated.
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(Note that this procedure cannot be applied to 
molybdenum complexes.)
4.2.3. C,H,N#0,S,K,V and Mo microanalysis
Two analytical labs were used to obtain elemental 
analyses. Analyses of carbon, hydrogen, nitrogen and sulfur 
were performed by: Atlantic Microlab, Inc., P.O. Box 80569, 
Atlanta, GA 3 03 66. Analyses of oxygen, potassium, vanadium, 
and molybdenum were performed by: Galbraith Laboratories,
Inc., P.O. Box 4187, Knoxville, TN 37921.
4.2.4. Analysis of Alcohol Purity
Alcohols employed in synthetic procedures were 
analyzed using a Hewlett-Packard 5710A Gas Chromatograph 
equipped with a Hewlett-Packard 3380S Integrator. The column 
was packed with 5% Carbowax 20M on 80/12 0 Carbopack B. The 
column was of 6 ' length and 1/8" I.D.
4.3. Physical measurements
4.3.1. Infrared spectra
The infrared spectra of the complexes were recorded
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by Perkin-Elmer #1320 or #983 spectrophotometers. Spectra 
obtained from nujol mulls on NaCl or CsBr plates were sup­
plemented by spectra from hexachlorobutadiene mulls on NaCl 
plates.
4.3.2. NMR spectra
1 13H NMR and C NMR spectra were recorded by a Vanan 
Model FT-80A, 60 MHz. nuclear magnetic resonance
spectrometer.
4.3.3. UV-Vis spectra
UV/visible spectra were recorded by a Beckman Acta 
VI Spectrophotometer, using 1 cm quartz cells for solution 
samples and high density polyethylene plates for solid state 
nujol mulls.
4.3.4. Mass Spectra
Mass spectral analysis was performed by Noel Einolf, 
Ph.D., Phillip Morris, Research and Development, Richmond, 
Va.
5. CONCLUSIONS
V(V) and Mo(VI) peroxo systems interact with a 
variety of biologically important ligands, including 
amino acids, polycarboxylic acids, and nucleosides. Peroxo 
heteroligand complexes of these metals exhibit many 
analagous properties, both in their structural characteris­
tics, and in their reactivity. However, the aqueous-peroxo 
solution chemistries of vanadium and molybdenum with respect 
to nicotinic acid and L-cysteine are quite different, and 
these differences are reflected in the crystalline complexes 
which have been isolated from these systems.
Nicotinic acid is of interest because: it exhibits a 
variety of coordination modes; it is a precursor of 
nicotinamide, NAD+ , and NADP+ ? and, the combination of 
peroxide and an aromatic heterocycle in the same ligand 
sphere represents an interesting environment for electron 
transfer. In the solid state V(V) abd Mo(VI) peroxo species 
are stabilized by carboxylato group coordination, but coor­
dination through the pyridine nitrogen in solution may lead 
to interesting catalytic processes.
Nicotinic acid coordinates unidentately through 
carboxylato to the oxo-diperoxo-molybdenum(VI) moiety when
- 179 -
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the addition reaction is carried out at moderate tem­
peratures (40-50° C) , resulting in a crystalline precipitate 
which rearranges over time with the loss of one of the 
peroxide ligands. At higher temperatures, and with longer 
reaction times, the N-oxide of nicotinic acid is formed. 
Coordination of one nicotinic acid through carboxylato, and 
one nicotinic acid, N-oxide through the oxide results in a 
mixed heteroligand monoperoxo-molybdenum(VI) precipitate of 
exceptional stability. An identical product is formed by the 
reaction of nicotinic acid, N-oxide in a peroxo-molybdate 
solution at 60-75° C over a period of two to three hours. In 
this reaction, the formation of nicotinic acid from 
nicotinic acid, N-oxide must involve a two electron transfer 
to effect deoxygenation.
In contrast, the reaction of nicotinic acid with
peroxo-vanadate(V) at room temperature yields a crystalline
product in which nicotinic acid is bidentately coordinated 
through a bridging carboxylato group to two oxo-diperoxo- 
vanadium(V) moieties. The addition of sulfuric acid and a 
low molecular weight alcohol to this reaction mixture 
results in an unprecedented, catalytic C-C bond formation.
Carbon-carbon bond formation between the C-6 carbon
of the aromatic ring and the C-l carbon of ethanol or n-
propanol has been observed through the formation of a V(V) 
peroxo complex with the nitrogen-oxygen chelated 6-(l- 
hydroxyalkyl)nicotinate addition product. This reaction does 
not occur in analagous Mo(VI) systems. The similarity be­
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tween this product and the photo-addition products of 
nicotinic acid ethyl ester - alcohol systems suggests the 
presence of radical intermediates in this process.
Interests in sulfur mediation of electron transfer 
and redox reactivity has prompted extensive investigation of 
metal complexes with L-cysteine and related ligands. The 
addition of hydrogen peroxide to a solution of L-cysteine 
and aqueous vanadate(V) at room temperature results in the 
rapid formation of an oxo-diperoxo-L-cysteinato-vanadium(V) 
complex. According to spectroscopic data, chelation of the 
heteroligand occurs through the carboxylato and thiolate 
groups. Peroxo-molybdates exhibit complicated interactions 
with L-cysteine, however, and do not readily form crystal­
line complexes with this ligand.
The oxo-diperoxo complexes of vanadium(V) with 
nicotinic acid and L-cysteine promise to be interesting 
complexes for the investigation of catalyzed oxidation 
reactions and specific anti-tumor activity. The mono-peroxo- 
(6- (1-hydroxyalkyl)nicotinato vanadium(V) complexes will not 
be of utility in biochemical assays due to their 
insolubility in water. They should, however show interesting 
oxidation reactivity in organic solvents. ESR and EPR 
studies of these complexes may be of interest in ascer­
taining the mechanism of C-C bond formation.
Both of the oxo-peroxo-molybdenum(VI) complexes 
involving nicotinic acid should exhibit oxidation reactivity 
with appropriate substrates in organic solvents. The mixed
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heteroligand complex may be of interest in reactions 
requiring a limited oxidation agent due to the basicity of 
the N-oxide group.
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6. APPENDICES
6.1. Infrared spectroscopy
6.1.a. Delta values for carboxylate stretching frequencies
Complex COO"antisym. COO"sym.
1 . uncoord. 1,709 1,417 292
2 . sym. '1,594 1,387 207
3. sym./bi. 1, 634 1,428 206
4. uni. 1, 663 1,353 310
5. uni. 1,729 1,442 287
uni. 1, 651 1,362 289
6. uni. 1, 661 1,392 269
1. Nicotinic
2. Nicotinic
acid
acid, potassium salt
3 * K2V2 V ° 2 > 4 < NiC>H20
4. Mo0(02)2 (Nic)(H20)
5. Mo02 (02)(Nic)(Nic-O)(H20)
6. V-Nic (no peroxo)
Key: uncoord. - uncoordinated
sym. - symmetric
bi. - bidentate
uni. - unidentate
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6.1.b. Metal-oxo and metal-peroxo frequencies 
in the infrared-
M = 0 AND (0— 0) STRETCHING FREQUENCIES
IN IR [cm” ]
Compound UM=0 VQ_Q
r<
K2V202(02)4 (NAH) H20 
[0 { v 0 (0 2)(N A -E t0H )} ]
[o{vO  (02) (NA—n-PrOH)} ]
M oO(02)2 NAH(H20)
M o02(02)(NAHNO)2(H20)
K2[m o O(02)2 n a h ]
[n h J  [m o O(02) n a h ]
956 879
941 863
995 935
995 933
f 871
966 L 859
963 r 87i
946 i8 6 0
969 r 872
948 1854
968 (8 7 2
947 1 858
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1
6.2. H NMR spectroscopy
6.2.a. V-EtONic in DMSO-d6
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